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ABSTRACT 
This work focuses on the formation. transport and control of nitrogen-
containing air pollutants. Particular attention is paid to the problem of understand-
ing how to control atmospheric aerosol nitrate and nitric acid concentrations. In 
the course of this study. additional insights are gained into the effects of emission 
controls on other co-pollutants. including N0 2• 03' PAN and ammonia. 
Computer-based theoretical models are employed that relate emissions of 
reactive organic gases. oxides of nitrogen and ammonia to downwind pollutant con-
centrations. Both trajectory models that follow the path of a single air parcel and 
grid models that examine an entire air basin are used. The trajectory version of the 
atmospheric model is used extensively to test the new features of the chemical 
mechanism that is built into these models. Nighttime atmospheric chemical reac-
tions that can lead to nitric acid formation are examined, and are found to produce 
significant amounts of HN03. The hypothesis that atmospheric HN0 3 and NH3 are in 
equilibrium with the aerosol phase is tested. and found to be a useful basis for 
predicting the ambient HN03 and NH3 levels. 
Ambient measurements on 0 3 and N02 concentrations are routinely available 
from governmental air monitoring stations. but short-term average data on the con-
centrations of HN03. NH 3. PAN and aerosol nitrate needed to test the performance 
of our models are lacking. Therefore. a major field experiment is conducted as part 
of this study during August. 1982. to acquire such a model verification data set in 
the South Coast Air Basin that surrounds Los Angeles. The product of the measured 
nitric acid and ammonia concentrations ranges from less than 1 ppbv2 to greater 
than 300 ppbv2 during the experiment, providing a wide range of conditions over 
which comparisons can be drawn between chemical equilibrium calculptions and 
experimental results. The ionic material in the aerosol phase is found to be chemi-
cally more complex than is assumed by present theoretical models for the 
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equilibrium between NH 3. HN03 and the aerosol phase. and includes significant 
amounts of Na+. Caz+. Mgz+. K+ and Cl- in addition to NHt. SOi- and N03. Results of 
the experiment show that aerosol nitrate levels in excess of 20 flgm-3 accumulate in 
near-coastal locations on the morning of 31 August. followed by subsequent tran-
sport across the air basin. Trajectory analysis shows that the afternoon aerosol 
nitrate peak observed inland at Rubidoux near Riverside on August 31 is associated 
with the same air mass that contains the high morning nitrate levels near the coast. 
indicating that description of both transport and atmospheric chemical reactions is 
important in understanding regional nitrate dynamics. 
The performance of both the trajectory- and grid-based versions of the photo-
chemical models used here is evaluated by comparison to the August 1982 field 
experiments. The trajectory model produces excellent agreement between observa-
tions and predictions. especially along the transport path from Long Beach to River-
side where all of the model's input data requirements can be satisfied by actual 
measured values. The predictions of the grid-based model for 0 3 and PAN are in 
good agreement with observations. The absolute value of the total inorganic 
nitrate. NH3 and HN03 predictions on average are within a few ppb of the observa-
tions. Lacking an inventory of ionic and alkaline aerosol emissions. accurate appor-
tionment of total inorganic nitrate between the aerosol and gas phases is not possi-
ble at coastal locations. At mid-basin sites like Anaheim. where NH 4 N0 3 is the 
dominant nitrate aerosol species present. the aerosol nitrate levels predicted by the 
model are in good agreement with observed values. 
The completed grid-based airshed model then is used to study the effect of 
specific emission control measures on ambient NO z• total inorganic nitrate (TN = 
HN03 + aerosol nitrate). HN0 3. aerosol nitrate. PAN. NH3 and ozone concentrations 
in the Los Angeles area. NO x and reactive hydrocarbon (RHCj emission redliCtions 
of up to 61 % and 37%. respectively. are examined. NOz and TN concentration 
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reductions in excess of 50% averaged over 20 monitoring sites are achieved at the 
highest level of emission control studied. The distribution of TN air quality 
improvements between HN03 and aerosol nitrate is affected by the NH3 emission 
rate of the NO x control technologies employed. Peak I-hr 03 concentrations at 
many sites in the eastern portion of the air basin studied decline by more than 25% 
at the highest NO x and RHC control levels studied. with the final increment of NO x 
control alone capable of producing 0 3 concentration improvements at locations 
with the highest 03 concentrations. 
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1. INTRODUCTION 
1.1. Objective 
The objective of this research has been to create a better understanding of the 
processes that govern the atmospheric formation of nitric acid (HN0 3) and nitrate 
aerosol. The knowledge gained is used to formulate mathematical models that 
simulate the relationship between emission sources and the ambient concentrations 
of those pollutants. These models then are employed to evaluate the effectiveness 
of alternative mobile and stationary source emission control strategies that could 
be used to abate presently observed aerosol nitrate and nitric acid concentrations. 
While exploring rational emission control strategies that will reduce the formation 
of nitric acid and ammonium nitrate, the effect of emission controls on coexisting 
pollutants, such as nitrogen dioxide (N0 2), peroxyacetyl nitrate (PAN), ammonia 
(NH 3), and ozone (03), also are investigated. The concepts developed are tested 
against experimental data obtained on particular days in the Los Angeles Basin dur-
ing the years 1974 and 1982, but the methods developed are generally applicable to 
other urban areas and to other years given data representative of those times and 
places. 
1.2. The Importance of Nitrate Aerosol and Nitric Add in the Atmosphere 
A substantial portion of the aerosol nitrate in the atmosphere is found to 
reside in the fine particle size fraction with particle diameter less than about 2 pm 
(Appel et aI., 1978; Hobbs and Hegg, 1982; Grosjean, 1983). These fine particles, 
especially those with diameters of the same order as the wavelength of visible light, 
scatter light very effectively and can lead to pronounced visibility degradation 
(Friedlander, 1977; van de Hulst, 1957). Aerosol nitrate is estimated to account for 
up to 40% of the severe visibility problem experienced in the eastern portion of the 
Los Angeles Basin (White and Roberts, 1977). Groblicki et ai. (1982) estimate that 
2 
about 17% of the decreased visibility in Denver is due to fine particulate nitrates. 
These small particles also are easily respirable (National Research Council. 1979). 
with possible accompanying health implications. 
Nitric acid is of concern for a variety of reasons. not the least of which is that 
it is a precursor to the formation of aerosol nitrate (Duce, 1969; Stelson and Sein-
feId, 1982; Russell and Cass, 1984). The presence of nitric acid in the atmosphere 
leads to the acidification of rain and fog and to acidic dry deposition (Liljestrand 
and Morgan, 1978; Waldman et aI., 1982; Huebert, 1983). Nitric acid has been cited 
as a contributor to the formation of mutagenic, nitrated organic compounds in the 
atmosphere (Grosjean et aI., 1983) and itself is probably not healthful if inhaled in 
conjunction with ozone and N0 2 (Mantz et a\.. 1985). Aerosol nitrates and nitric 
acid also are two of the major end products of nitrogen oxides (NOJ emissions. 
Thus an understanding of how HN03 and aerosol nitrates are produced in the atmo-
sphere forms an integral part of an improved understanding of the ultimate fate of 
NOx emissions and the production of other photochemical pollutants (Seinfeld, 
1975; Russell et aI., 1985; Grosjean, 1983). 
Problems associated with aerosol nitrate and nitric acid are not restricted to 
urban areas with large emissions of nitrogen oxides. Rural areas of the eastern 
United States and Canada experience acidification of the rain and lakes due to sul-
fates and nitrates that are being advected from more the populated areas (Galloway 
and Likens, 1981). Henderson, Nevada, near Las Vegas, experiences markedly 
decreased visibility from nitrate-containing aerosols (Clark County Health District, 
1982). and it is the semi-rural areas near Riverside, CA, 60 KM downwind of Los 
Angeles, that experience the greatest decrease in visibility due to aerosol nitrates 
produced in the atmosphere of California's South Coast Air Basin. 
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1.3. Approach and Methods 
One major route for fine particle nitrate production is suspected to proceed by 
the reaction between gaseous ammonia and nitric acid to form ammonium nitrate 
(NH4N03) particles. Nitric acid. in turn. is produced by a series of photochemical 
and thermal reactions involving primary NOx' reactive hydrocarbon (RHC) emis-
sions. and their products. Thus, to describe correctly the dynamics of atmospheric 
ammonium nitrate aerosol and nitric acid, one must describe the complete system 
which has become known as photochemical air pollution. or smog. Chapter 2 
reports on the development and testing of the trajectory formulation of a photo-
chemical air pollution model that describes the emissions of NOx• RHC, and NH3 
from their sources and the subsequent transport and reaction of these emissions to 
form 03. N02, HN03, and ammonium nitrate aerosol in equilibrium with atmospheric 
ammonia and nitric acid. 
Chapter 3 and Appendix B use the trajectory model to investigate the relative 
importance of the competing chemical reactions that determine nitric acid concen-
trations in the atmosphere, as well as the fate of NOx emissions and the deposition 
of nitrogeneous pollutants. The research reveals that a significant amount of nitric 
acid can be formed at night as a product of nitrate radical (N0 3) and dinitrogen pen-
toxide (N 20 S) reactions. This study confirms that the chemical mechanism and the 
description of the transport, deposition, and emissions used can accurately repro-
duce the observed behavior of N0 3 concentrations in the atmosphere. Also in 
Chapter 3 the role that scavenging of N0 3 and N20 S by aerosols may play in the 
production of nitric acid and aerosol nitrates is discussed. 
A major barrier encountered when studying the dynamics of atmospheric nitric 
acid and aerosol nitrate is the lack of high quality observations on the concentra-
tions of these pollutants and their co-pollutants collected in a form that can be 
used to verify theoretical air quality modeling calculations. To advance this 
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research project, it was necessary to acquire a set of atmospheric pollutant concen-
tration data that could be used to elucidate the important processes affecting basin-
wide nitrate concentrations. to further test both an advanced trajectory model, and 
a full, grid-based, airshed model describing the dynamics of the pollutants. A major 
experiment was conducted in the Los Angeles Basin on 30-31 August 1982 during 
which ionic aerosol constituents, nitric acid, ammonia and other gaseous precursor 
concentrations were measured for 48 consecutive hours at ten sites. Results and 
conclusions derived from the field experiment are described in Chapter 4. The 
results of this experiment are incorporated into the model evaluation efforts 
described in Chapters 6 and 7. 
The field experiment provided a very large set of data that can be used to test 
a key hypothesis in the air quality model: that nitric acid and ammonia are in equili-
brium with the aerosol phase. A number of calculation procedures have been pro-
posed to predict the equilibrium distribution of the species. Chapter 5 compares 
the field experimental findings to results obtained using alternative theoretical 
hypotheses about the chemical composition of the aerosol species present in the 
atmosphere. The likely importance of aerosol nitrates formed by routes other than 
the reaction of HN0 3 with NH 3, such as chloride displacement from sea salt by 
HN0 3 to form NaN0 3, is investigated. 
Chapter 6 describes an evaluation of the accuracy of an advanced photochemi-
cal. trajectory air quality model that describes aerosol nitrate and nitric acid forma-
tion. Model calculations are compared with results of the 30-31 August 1982 field 
experiment. Within this chapter the effects of alternative control programs directed 
at reducing NOx' NH 3, and RHC emissions are depicted, and the implications of alter-
native control strategies are discussed further. Perturbing the emissions pattern in 
the air basin also illustrates the complex synergisms between photochemically gen-
erated air pollutants and shows that a given reduction in precursor emissions need 
5 
not result in a proportional reduction in the resulting pollutant concentrations. 
Trajectory models have the disadvantage that only one location in a large 
airshed is examined at any single time. In order to predict pollutant concentrations 
simultaneously throughout an entire air basin. a grid-based Eulerian version of the 
nitric acid and aerosol nitrate air quality model is developed. In Chapter 7, that 
grid-based air quality model is tested against the pollutant concentrations and 
meteorological conditions observed during the August 30-31, 1982 field experi-
ments in the South Coast Air Basin. Having evaluated the grid-based model's ability 
to reproduce historically observed air quality. it'is possible to calculate the effects 
that can be expected if additional mobile and stationary source emission control 
measures had been in effect during the 1982 summer period examined here. In 
Chapter 8, a matrix of different combinations of increasingly stringent mobile 
source and stationary source controls is constructed. Stationary source controls 
include the reactive hydrocarbon and NO x reductions expected as part of the 1982 
Air Quality Management Plan for the South Coast Air Basin. plus additional NO x con-
trols based on catalytic and non-cataytic NH3 injection techniques applied to elec-
tric utility. refinery. and industrial combustion sources. Mobile source emission 
controls examined include a vehicle inspection and maintenance program. NOx con-
trols on heavy-duty vehicles. plus the eventual attainment of 0.7 g/mi or 0.4 g/mi 
NO x emission rates by the light-duty vehicle fleet. The air quality model is used to 
determine the effect that each combination of control measures would have on 
achieving reduced levels of N0 2• PAN. HN03. aerosol NH 4N0 3. NH3 and 0 3 in the 
South Coast Air Basin. 
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Abstract-A mathematical model describing the transport and formation of aerosol NH4 N03 is presented. 
Based on a vertically resolved Lagrangian trajectory formulation incorporating gas phase kinetics, NH4 N03 
concentrations are computed at thermodynamic equilibrium with precursor HN03 vapor and NH3 
concentrations. Sensitivity analysis shows that NH4N0 3 concentration predictions are strongly influenced 
by ambient temperature and NH3 levels. A brief description of the NH3 emissions inventory used in this 
study is included to indicate the important sources. The model was tested by comparison to ambient NH J , 
NH; and NO 3 concentrations measured at El Monte, California during June 1974. Model results compare 
favorably with the ambient measurements and are used to explain trends in those measurements. An early 
morning nitrate peak develops as HN03 produced soon after sunrise reacts with NH3 accumulated 
overnight. A second peak in nitrate concentration is predicted and observed at EI Monte later in the day. 
Potential applications of this model to control strategy decisions and to study the fate of NO, are discussed. 
INTRODliCfION 
Aerosol nitrates are important contributors to VISI-
bility reduction in cities with photochemical air pollu-
tion problems. White and Roberts (1977) estimate that 
during the ACHEX study, aerosol nitrates were re-
sponsible for about 40 ~o of the light scattering ob-
served at Riverside in the eastern Los Angeles Basin. 
Groblicki et al. (1981) report that 17:;~ of the visibility 
problem in Denver is attributable to aerosol nitrates. 
Control strategies for urban visibility improvement in 
such cities will need to address aerosol nitrate abate-
ment alternatives. Before this can be done. a reliable 
means is needed for predicting the relationship be-
tween pollutant emission sources and resulting nitrate 
concentrations. 
Ammonium nitrate is a secondary pollutant formed 
from reactions between NH3 and HN03 vapor. From 
thermodynamic considerations Stelson et al. (1979) 
and Stelson and Seinfeld (1982a, b) have shown that 
atmospheric NH4 N0 3 should be in equilibrium with 
precursor HN0 3 and NH3 concentrations. The val-
idity of this assumption has been tested in field 
experiments by Doyle et al. (1979), where it was found 
that the NH4 N0 3 equilibrium constant derived from 
published thermochemical data is consistent with 
atmospheric observations. 
In this paper a mathematical model relating pol-
lutant emissions to NH4 N0 3 concentrations is pro-
posed and tested. Based on a Lagrangian trajectory 
formulation, the model includes transport, gas phase 
kinetics and aerosol production. A sensitivity analysis 
is performed on the NH4 N0 3 formation mechanism 
used in the trajectory model to indicate which par-
ameters are most important to formation of atmos-
pheric NH4 N03. A summary of the emissions in-
ventory used in this modeling study details the import-
949 
ant sources ofNH} and their spatial distribution (Cass 
et al., 1982). Model results will be evaluated against 
NH 3, NH: and N03' concentrations observed at EI 
Monte, California on 28 June 1974. Potential use of 
this model for studying acid deposition and the fate of 
nitrogen containing pollutants is discussed. 
MODEL DESCRIPTlO:'>J 
Ammonium nitrate aerosol is classified as a secon-
dary pollutant because it is formed in the atmosphere 
from reactions involving gas phase precursors. To 
predict NH4 N03 formation, this paper utilizes a 
photochemical trajectory model coupled with an 
equilibrium treatment of aerosol production. 
Concentrations of the gas phase precursors of 
NH 4 N0 3 as well as other pollutant concentrations are 
calculated using a vertically resolved, Lagrangian 
trajectory form of the atmospheric diffusion equation 
presented in McRae et al. (1982a). The equation 
governing the concentration of species i, Ci (;. I), is 
i = 1~2, ... ,n 
with initial conditions 
Cj(Z,O) = c?(z) t = 0-
and boundary conditions 
Z =H 
z = 0, 
(1) 
(2) 
(3a) 
(3b) 
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where K:: (z) is the vertical turbulent eddy diffusivity, 
Rj(c j , ••• ,Cn , T) is the rate of chemical production of 
species i at temperature T, H is the height of the air 
column and Vs is the settling velocity. As used in (1), Vs is 
used to describe gravitational settling, but its effect on 
(1) is negligible for aerosol particles smaller than about 
1 j.tm. Aerosol NH~N03 is generally associated with 
j.tm-sized particles, so gravitational settling can be 
neglected in the following calculations. Parameters 
associated with the boundary conditions are v~, the 
deposition velocity, and Ej , the species mass flux per 
unit area. Treatment of surface deposition and the 
relationship of K zz to atmospheric stability is de-
scribed in McRae et al. (1982a) and will not be repeated 
here. Vertical transport of both gases and aerosols is 
dominated by turbulent eddies. It is important to note 
that models described by (1) are pased on the assump-
tions that horizontal diffusion and vertical advection 
are small, and that the effects of wind shear are 
negligible. The effects of these simplications are dis-
cussed in Liu and Seinfeld (1975). 
. Ground level (z = 0) boundary conditions are a 
statement of mass continuity, accounting for surface 
deposition, diffusive transport and emissions. Since the 
top of the region (z = H) is well above the mixing 
depth, turbulent transport through the top of the air 
column is negligible. Deposition velocities are used to 
describe the interaction and reaction of gases and 
aerosols with surfaces. In general, v~ is dependent on 
meteorological conditions and on the reactivity of 
species i with the underlying surface. Limits on the 
aerosol deposition rates can be found using the same 
modeling. techniques as those for gaseous pollutants. 
The vertically resolved trajectory model and compu-
tational cells are shown schematically in Fig. 1. 
The chemical kinetics associated with the term 
Rj(c1 , ••• , Cn , T) in (1) are described using the photo-
chemical reaction mechanism of Falls and Seinfeld 
(1978), Falls et al. (1979), McRae et al. (1982a) and 
McRae and Seinfeld (1983). Only those homogeneous 
gas phase pathways producing HN03 and their cor-
responding rate constants, at 2SOC, will be given here. 
These pathways are: 
40 
NO z + RO z ..... HN03 + RC03 K 40 = 5.5 ppm -I min - 1 
46 
N 20 s + H 20 -+ 2HNOJ 
Column 
Heigh1 H(t) 
/ 
/ 
/ 
/ 
/ 1(: -'''' ~/ 
Co-ordinates 
Eulerion / 
Trajectory Path 
T on . . -L 
H(t) oi t.Z i 
: T 
02 
01 
/ 
/ 
/ 
( a ) 
( b) 
K46 = 1.5 X 10- 5 ppm- I min-I. 
Lagrangian 
Co-ordinates 
Mixing Height 
Variat ion Along 
Trajectory Poth 
T 
t.z i 
-L 
Fig. 1. Schematic representation of (a) vertically resolved Lagrangian 
trajectory model and (b) the computational grid cell convention. 
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Other than direct emissions, the only source of HN03 
is assumed to be the photochemical production 
through the above reactions. Reaction 18 is the 
dominant route producing HN03 for typical daytime 
atmospheric conditions. Photolytic loss of HN0 3 is 
ignored since it is small. 
Equilibrium concentrations of gaseous NH3 and 
HN03, and the resulting concentration of solid or 
aqueous NH4 N03 can be calculated from fundamen-
tal thermodynamic principles using the method pre-
sented by Stelson and Seinfeld (1982a). The procedure 
is composed of several steps, requiring as input the 
ambient temperature and relative humidity (r.h.). First, 
the equilibrium state of NH4-N03 is defined. If the 
ambient relative humidity is less than the relative 
humidity of deliq,!escence, (r.h.d.), given by 
In (r.h.d.) = 723.7jT + 1.7037, (4) 
then the equilibrium state ofNH4 N03 is modeled as a 
solid. Supersaturated solutions also are possible. 
Formation of solid NH4 N03, from the gas phase 
precursors, is described by the equlibrium system 
S 1000 
l-
II> 
Z 
o 
" ~ 100 
~ 
" u
o 
::l 10 
Q 
" ::> i 
" :; 
:; 
~ 
'" 
NH3(g)+ HN03 (g) :;;=NH 4 N0 3 (s). (5) 
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Fig. 2. (a) NH4 N03 equilibrium dissociation constant as 
a function of temperature (r.h. 50~/~). (b) NH 4 N03 
equilibrium dissociation constant as a function of r.h. 
(temperature, 25°q. 
The dissociation constant is given by K = P NH, P HNO,' 
where P NH, and PH NO, are the partial pressures ofNH3 
and HN03 , respectively. K can be estimated by 
integrating the van't Hoff equation. The resulting 
equation for K. in units of ppb2 (assuming 1 atm of 
total pressure) is 
InK = 84.6-24220/T-6.lln(T/298). (6) 
At relative humidities above that of deliquescence, 
NH4 N0 3 will be found in the aqueous state. A 
dissociation constant for the comparable reaction 
involving aqueous NH4 N03 can be found and is a 
function of both temperature and relative humidity. 
Temperature dependent equilibrium relative humid-
ities above ionic solutions (r.h.L) can be calculated 
from 
( -vmMrPT) r.h.t.=IOOexp , 
. 1000 
(7) 
where \' is the number of moles of ions formed by 
ionization of one mole of solute, M the molecular 
weight of water, m the molality of the solution and rPT 
is the osmotic coefficient given by 
(8) 
where y ± is the mean molal activity ofNH 4 N0 3 in the 
solution at temperature T. The activity coefficient 
depends on temperature and molality. An iterative 
scheme is used to match the relative humidity calcu-
lated from (7) to the ambient relative humidity. This 
calculation gives the equilibrium solution molality and 
activity that are needed to evaluate K, the equilibrium 
dissociation constant, from the expression 
In (K/(y ±m)2) = 54.18 -15860/T 
(9) 
+ 11.206 In (T/298). 
If the ambient relative humidity is between that of 
deliquescence and the value given by (7) for a saturated 
solution at m = 25.954, linear interpolation is used 
between the corresponding dissociation constants. 
Figures 2(a) and (b) depict the dependence of K on T 
and r.h. For typical atmospheric conditions, the 
mechanism predicts an equilibrium dissociation con-
stant between 0.04 (ppb)2 at 5 'C and 90 0 '0 r.h. and 1400 
(ppb)2 at 40°C and a r.h. of 30 0 o. Figure 2(b) indicates 
that extrapolation of the calculation scheme used for 
aqueous solutions to that for supersaturated solutions 
would give results slightly different than those found 
using (6) for solid NH4 N0 3 . In the case of a saturated 
solution surrounding solid NH 4 N0 3 ,. equating the 
chemical potentials across interfaces shows that the 
appropriate dissociation constant is the same as that 
for the solid. This model assumes that the time 
required for the gaseous precursors, and water, to 
come to equlibrium is short compared to the character-
istic time for the production of HN0 3 • This may not 
be true if the concentrations of the precursors differ by 
orders of magnitude, though this is seldom the case in 
952 
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Fig. 3. 'Flow diagram of NH 4 N0 3 formation mechanism illustrating three basic 
steps in calculation procedure. 
13 
Mathematical modeling of the formation and transport of ammonium nitrate aerosol 953 
urban basins. Nitric acid and NH3 losses to other 
aerosol species are neglected at this point, and thus 
mixed aerosols are not considered. These effects can be 
incorporated once sufficient, appropriate field data 
become available to verify a more complex model. 
Gas phase concentrations of NH3 and HN03 and 
the concentration of NH4N03 are then calculated 
from precursor concentrations and the equilibrium 
system 
NH3(g)+HN03(g)~NH4N03(S or aq). (10) 
Concentrations of the different species can be de-
termined mathematically by solving the following 
system of equations. 
(x) NH3 (g) + (y) HN03 (g) ~ (a) NH4N03 
+(x-a)NH3(g) 
+(y-a)HN0 3 (g) (11) 
and 
[NH3(g)][HN03(g)] = (x-a)(y-a) = K, (12) 
where x is the total concentration ofNH3 plus NH:, 
y is the total concentration of HN0 3 plus nitrate, a is 
the resulting concentration of NH4N03 aerosol, and 
(x - a), (y - a) are the equilibrium gas phase concentra-
tions of NH3 and HN03 , respectively. 
If the product of the concentrations of NH3 and 
HN03 is smaller than the dissociation constant, 
[NH3(g)] [HN03(g)] = (x)(y) < K (13) 
no NH4N03 should be present In this case the gas 
phase concentrations are as given by the gas phase 
kinetics. The steps involved in predicting the nitrate 
concentrations are shown schematically in Fig. 3. 
SENSITIVITY STUDY 
A Fourier amplitude sensitivity test (FAST) (Koda 
et aI., 1979; McRae er al., 1982b) was performed on the 
NH4N03 calculation scheme to assess which par-
ameters contribute most to the formation ofNH4N03 
in the atmosphere. The ranges of species concentra-
tions used in the analysis are representative of those 
observed by Tuazon et al. (1981) for Claremont, 
California and were measured by Fourier transform 
infrared (FTIR) spectroscopy. In these experiments the 
FTIR sampling cell temperature was often consider-
ably higher than ambient, which could volatilize some 
of the NH4N0 3 , so the measurements may give 
NH3 (g) and HN0 3 (g) levels higher than ambient. The 
results of the FAST analysis are shown in Table 1, 
where it can be seen that NH4N0 3 formation is most 
sensitive to variations in temperature. The reason for 
this is the strong dependence of the dissociation 
constant on T. Two insights can be gained from FAST 
analysis, the first being that it is critically important to 
specify the, temperature field accurately. Secondly, 
since nitrate formation is sensitive to NH3 over the 
range encountered, control of upwind NH3 emissions 
Table 1. Sensitivity of ammonium nitrate formation model 
to input parameters 
Parameter 
Temperature 
Ammonia 
Nitric acid 
Relative humidity 
Range 
1 ()....40°C 
4-23 ppbt 
6-49 ppbt 
20-90~o 
Sensitivity* 
(~o) 
41 
39 
17 
3 
* Partial variance, normalized to lOO~o' indicates the 
relative importance of variation of model inputs on NH4 NO 3 
formation. 
t Values representative of those found in Tuazon el al. 
(1981) for Claremont, California. 
should prove to be beneficial in limiting NH4N0 3 
concentrations at Claremont and that an accurate 
description of the NH3 emissions is required for 
modeling purposes. 
To show how the concentrations of NH 4 N03 
change with ambient meteorological conditions, rep-
resentative levels of total NH3 (i.e. NH3 (g) + NH: ) 
and total HN03 (i.e. HN0 3 (g) + NO;) were used to 
calculate NH4N03 concentrations over a range of 
atmospheric conditions. Predicted concentrations of 
NH4N03 ranged from 0 to 67.6,ug m - 3, with typical 
values of about 10,ug m - 3 corresponding to 2YC, 
65 % r.h., 8 ppb of total NH3 and 16 ppb of total 
HN03. Concentration plots in Fig. 4 again show that 
NH4N03 formation is sensitive to temperature, de-
creasing rapidly as temperature increases. An interest-
ing aspect of the temperature dependence is the flat 
area indicating that no NH4N0 3 is present. Above 
35°C little NH4N03 would be present except at high 
ambient levels of the gas phase precursors, while at 
15°C some NH4N03 would be present at most 
precursor concentrations. Figure 4 also shows that 
there is little change in NH4N03 formation as the r.h. 
changes, although the effect is to create slightly more 
NH4N0 3 as r.h. increases. 
EMISSIONS DATA REQUIRED FOR MODEL EV ALUATION 
Once the model has been formulated the next step is 
to evaluate its ability to predict ambient levels of 
NH4N03. The data required for such tests include; 
pollutant emissions, observed air quality and the 
prevailing meteorology. In the Los Angeles Basin 
accurate emission inventories exist only for the period 
between 26 and 28 June 1974. limiting model evalu-
ation to those three days. Descriptions of the emission 
inventories for NO, and reactive hydrocarbons to-
gether with the local meteorological conditions for this 
period are available in McRae and Seinfeld (1983). As 
indicated by the sensitivity analysis, there is a need for 
an accurate description of the NH3 emissions. Cass et 
al. (1982) have recently completed such a study for the 
year 1974, and the principal results are summarized 
here. A grid system composed of 5 x 5 km cells was 
14 
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Fig. 4. Predicted NH4NO, concentration surfaces at 15,25 and 35cC and 45, 65 and 85~o r.h. for total NH, and total 
HNO, concentrations up to 20 and 40 ppb, respectively. 
superimposed on the South Coast Air Basin map 
(Fig. 5). Ammonia emissions were estimated within 
each grid cell for the 53 classes of mobile and 
stationary source types listed in Table 2. 
combustion sources (Cadle and Mulawa, 1980; Gentel 
et al., 1973; Harkins and Nicksic, 1967; Henein. 1975; 
Hovey el al., 1966; Hunter, 1971; Muzio and Arand, 
1976; Wohlers and Bell, 1956). Emission factors for 
NH3 release obtained from these and other references 
were combined with fuel use data reported by Cass 
Source tests show that trace amounts of NH3 are 
present in the exhaust of both mobile and stationary 
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Table 2. Summary of ammonia emissions by source category in the South Coast 
Air Basin 1974 
Source category 
Stationary fuel combustion 
Electric utility 
Natural gas 
Residual oil 
Digester gas 
Refinery fuel burning 
Natural gas 
Residual oil 
Refinery gas 
Industrial fuel burning 
Natural gas 
Liquified petroleum gas (LPG) 
Residual oil 
Distillate oil 
Digester gas 
Coke oven gas 
Residential/commercial fuel burning 
Natural gas 
Liquified petroleum gas (LPG) 
Residual oil 
Distillate oil 
Coal 
Sub totals 
Mobile source fuel combustion 
Automotive 
Non-catalyst autos and light trucks 
Medium and heavy duty trucks 
Diesel vehicles 
LPG for carburetion 
Civilian aircraft 
Jet 
Piston 
Shipping 
Residual oil boilers 
Diesel ships 
Railroad-diesel oil 
Military 
Gasoline 
Diesel 
Jet fuel 
Residual oil 
Off highway vehicles 
Sub totals 
Industrial point sources 
Soil surface 
Fertilizer 
Farm crop 
Orchards 
Handling 
Non-farm 
Sub totals 
Livestock 
Ca!tle 
Dairy 
Feedlot 
Range 
Horses 
Sheep 
Hogs 
Chickens 
Turkeys 
Sub totals 
Total emissions 
(kg day-l) 
590.0 
2000.0 
0.5 
160.0 
99.0 
420.0 
610.0 
4.0 
150.0 
140.0 
9.0 
15.0 
270.0 
4.0 
62.0 
73.0 
20.0 
4626.5 (3.09 ~o) 
3309.0 
449.9 
370.0 
10.0 
150.0 
2.9 
10.0 
60.0 
50.0 
0.8 
120.0 
4742.6 (3.17" 0) 
2070.0 (1.38 0 0 ) 
23790.0 (15.9°,,) 
2870.0 
2390.0 
380.0 
7420.0 
13060.0 (8.72':0) 
24390.0 
6880.0 
12160.0 
16220.0 
990.0 
250.0 
18200.0 
1120.0 
80210.0 (53.6 ~o) 
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Table 2. (contd). 
Source category 
Domestic 
Dogs 
Cats 
Human respiration 
Human perspiration 
Household ammonia use 
Sub totals 
Total 
(1978) to give total NH3 emissions from autos, trucks, 
railroads, shipping, plus industrial, residential and 
commercial fuel use. Within each fuel use category, the 
NH3 emissions shown in Table 2 were distributed 
spatially in the same manner as NOx emissions. A 
number of industrial processes are known to emit NH3 
(National Research Council, 1979; Miner, 1969), in-
cluding refinery operations, NH3-based fertilizer 
manufacturing, NH3 storage facilities, refrigeration 
plants, chemical plants and steel mill coke ovens. 
Estimates of NH3 emissions from industrial facilities 
were derived from source test information and ques-
tionaires sent to individual companies. 
Biological decay processes also produce NH3 and 
the release rates from a variety of soil surface types are 
available (Porter et aI., 1975; Elliot el al., 1971; 
Denmead el al., 1978; Denmead et al., 1976; Miner, 
1976). Using aerial photographs and maps available 
from the U.S. Geological Survey (1976) the land use 
within each grid square was summarized by type. 
Emissions from exposed land surfaces were estimated 
within each square by matching emission rate data to 
soil surface types. 
Chemical fertilizers used in the air basin include 
NH 3, urea, NH4 N0 3 and (NH4h S04' Depending on 
fertilizer type and method of application, anywhere 
from a few percent to several tenths of the nitrogen 
content may be lost to the atmosphere as NH3 (Baker 
et al., 1959; Ernst and Massey, 1960; Gasser, 1964; 
McDowell and Smith, 1958; Stanley and Smith, 1955: 
Trickey and Smith, 1955; Wahhab et al., 1957; Walkup 
and Nevins, 1966). The NH3 loss characteristics of 
fertilizers were estimated by consultation with a local 
agricultural expert (Meyer, personal communication). 
Fertilizer use statistics were obtained from the 
California Department of Food and Agriculture (1974) 
and from the U.S. Bureau of the Census (1977). 
Chemical fertilizer consumption, subdivided into 
cropland, orchard and non-farm use, was combined 
with the NH3 loss data to compute total NH3 
emissions. 
Decomposition of livestock wastes is a major source 
ofNH 3 emissions. Animal inventories by county were 
obtained from the U.S. Bureau of the Census (1977) 
and from state and county agricultural agents. Waste 
production rates, nitrogen content and NH3 volatiliz-
Total emissions 
(kg day- 1) 
10350.0 
3230.0 
46.0 
7000.0 
600.0 
21226.0 (14.2 ~o) 
149725.1 (1 00.0) ~o 
ation rates were estimated for each major commercial 
animal type from previous studies (Adriano et al., 
1974; Fogg, 1971; Giddens and Rao, 1975; Lauer et ai., 
1976; Luebs et ai., 1973a,b; Stewart, 1970; Taiganides 
and Hazen, 1966; Viets, 1971). Emissions from range 
animals were distributed spatially in proportion to 
pasture and herbaceous range land areas. U.S. 
Geological Survey (1976) maps were used to locate 
emissions from animals raised in confinement (e.g. 
dairy cattle, feedlot cattle). Ammonia losses from 
domestic animals (cats and dogs only) plus human 
respiration, perspiration and household cleaning 
chemicals were distributed in proportion to residential 
land use. 
The overall spatial distribution of NH 3, NO" 
reactive hydrocarbon and CO emissions in the South 
Coast Air Basin is shown in Fig. 6. The largest spike in 
the NH3 diagram is centered over the town of Chino _ 
on the prevailing upwind side of the city of Riverside, 
and results from the intensity of livestock operations in 
that area. 
AIR Qt:ALITY DATA FOR :\10DEL EVALUATION 
Within the three day time period for which emission 
data are available, aerosol nitrate measurements were 
sought that were taken over short sampling intervals 
(1-2 h) using methods that would minimize the poss-
ible interferences. Simultaneous concentration meas-
urements of related aerosol species such as sulfate and 
ammonium were desired, as well as the concentration 
of relevant gas phase species, such as NH 3, HN03, 
NO x and 0 3, The data set most nearly fulfilling the 
requirements was found for El Monte, California. The 
measurements were taken on 28 June 1974, and consist 
of 2-h averaged concentrations of aerosol nitrate and 
NH;, and gas phase NH3 (Reynolds et ai., 1975). 
Aerosol nitrate and ammonium concentrations were 
obtained by using a low volume sampler with Gelman 
A glass fiber filters for collection followed by wet 
chemical analysis. Gaseous NH3 concentrations were 
found using oxalic acid impregnated backup filters. 
Ammonium nitrate data for other time periods in 
the Los Angeles area are available and are consistent 
with the results presented in Reynolds et ai. (1975). 
These studies have found measured ambient nitrate 
17 
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Fig. 6. Spatial representation of daily emissions of NH 3 , NOx , reactive 
hydrocarbons (RHC) and CO in the South Coast Air Basin. (inventory 
period June 1974.) 
concentrations ranging up to 149 Ilg m - 3, though 
values are generally lower (Lundgren, 1970; Hidy et ai., 
1980; Appel et ai., 1978; Spicer, 1974; Appel et ai., 1981: 
Tuazon el ai., 1981). In Claremont, California, ambient 
levels of gaseous HN03 and NH3 have been observed 
up to 49 and 23 ppb, respectively (Tuazon et al., 1981). 
Concentrations of up to 86.4 Ilg m - 3 of particulate 
nitrate were also found at Claremont (Appel et ai., 
1980). Nitrate levels were found to vary diurnally, 
peaking in the midmorning. Ozone and HN03 peaked 
later in the afternoon. Partial pressure products of 
NH3 (g) and HN03 (g) from data taken at Claremont 
were compared against relative humidity and tempera-
ture. The product decreased with relative humidity and 
18 
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increased with temperature, the same trend predicted 
from thermodynamic considerations. 
When interpreting ambient measurements, it is 
important to be aware of the potential for artifact 
nitrate formation on filter substrates (Pierson et al., 
1980; Spicer and Schumacher, 1979: Appel et al., 1979; 
Witz and McPhee, 1977). The physical nature of the 
nitrate artifact problem is that the gaseous HN03 may 
react with the filter substrate forming nitrate on the 
filter. This results in a positive error as more nitrate is 
measured on the filter than was deposited as an 
aerosol. A negative error can result from revolatiliz-
ation of the NH4 N03 prior to sample analysis, or by 
reaction with other gaseous or particulate acids dis-
placing the HN03 (Appel et al., 1980). The observed 
revolatilization is in agreement with the equilibrium 
hypothesis employed in this paper. If the filter, after 
being loaded and before being analyzed, is exposed to a 
change in environment it would set up a new equilib-
rium between the aerosol and its environment, 
possibly altering the aerosol's measured composition. 
The new equilibrium could be due either to a change in 
temperature or to a change in the gaseous environment 
during or after sampling. To prevent this problem the 
NH4 N0 3 would have to be collected, stored and 
analyzed in a manner that prevents volatilization of the 
aerosol from the filter. 
Steps have been taken to correct the filter artifact 
problem, the most direct being the use of a substrate 
that does not react with gaseous HN0 3 to form 
nitrate. Substrates that have been tested and show little 
reactivity with HN03 include po!ycarbonate, Teflon 
and quartz fiber (Spicer and Shumacher, 1979). Most 
glass fiber and nylon filters prove to be quite sus-
ceptible to artifact nitrate formation, although 
Gelman A filters are not as susceptible as many others 
(Appel et al., 1979). Another method involves stripping 
the HN03 (g) from the sampling stream prior to 
filtration by passing the gas through a denuder, then 
measuring total nitrate downstream (Appel et al., 
1981). 
MODEL EVALUATION AGAINST AMBIENT 
MEASUREMENTS 
Usually ambient measurements are made at a fixed 
location. A Lagrangian model, however, predicts con-
centrations along a trajectory in a single air mass as it 
flows through the air basin. The path of a sample 
trajectory, the one starting at 1 a.m. and reaching El 
Monte at 3 p.m. Pacific Daylight Time (PDT) on 28 
June 1974, is shown on a map of the Los Angeles basin 
(Fig. 5). Use of a trajectory model to predict concentra-
tions at. different times for a fixed geographical lo-
cation then requires finding the path that each air mass 
takes to reach that location at the appropriate time. 
This is done for trajectories reaching E1 Monte 
throughout the day of 28 June 1974 using the method 
prescribed in Goodin et al. (1979). 
By taking a series of trajectories reaching E 1 Monte 
during the day, a time history of species concentrations 
can be constructed (Fig. 7). Each concentration predic-
tion shown represents a weighted average of three 
trajectories arriving at E1 Monte at 1 h intervals, and 
are plotted on the half hour. In Fig. 7 (a), the predicted 
ground level NH4 N0 3 concentration is plotted along 
with the measured nitrate and NH; concentration. 
Concentrations are given in Ilmol m - 3 for all species 
and NO.3 concentrations are restated in J.l.g m- 3. Gas 
phase concentrations are also shown in ppm or ppb. 
Use ofa system based on molar concentrations is more 
convenient in the presence of chemical reactions, and 
clarifies the relationship between aerosols and their gas 
phase precursors. Considering the difficulty in obtain-
ing ambient nitrate measurements, comparison be-
tween observed and predicted nitrate concentrations is 
quite good. 
From Fig. 7 (a), it can be seen that the measured 
molar concentrations of aerosol nitrate exceed that of 
NH; . The difference could arise if species other than 
NH4N0 3 were present in the aerosol (e.g. NaN0 3 ), or 
as a result of the filter artifact problem. Filter artifact 
problems can lead to either a positive error due to 
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HN03 reacting with the filter or a negative error from 
the volatilization of either ammonium or nitrate 
containing species. Twenty four hour averaged meas-
urements for the day modeled showed only 5.11lg m - 3 
of sulfate. Previous studies (e.g. Appel et al., 1978) 
showed that most of the sulfate aerosol appears in the 
late afternoon. Thus, the interference from sulfate 
should be small for the period modeled. It is impossible 
to say how the predicted nitrate should compare to the 
measured nitrate concentrations without knowing the 
magnitude of the two types of possible sampling error. 
Relatively little NH4 N03 is measured or predicted 
in the early morning. The concentration rises until 
about 10 a.m. (PDT) at which time it starts to decrease 
as the temperature increases. The same trend is found 
by other investigators (Appel et al., 1980). Both the 
measurements and predictions for 28 June 1974, show 
an afternoon rise that is uncharacteristic of the usual 
decrease in NH4 N03 as the temperature increases. 
Figure 7 (b), the plot of the predicted and measured 
total (gas plus aerosol phase) NH3 concentrations, 
shows that the reason for the unexpected afternoon 
peak is that the air mass contains more NH 3 • Figure 
7 (b) also serves as a check on the NH 3 emissions 
inventory. Even in the presence of possible transfer of 
revolatilized NH3 to the oxalic acid impregnated 
backup filter used to measure NH 3, the sum of 
measured NH3 and NH; should give total NH 3. 
Predicted total NH3 is about 10-20 °'0 low through 
most of the day, except in the early morning. 
Predictions follow the same diurnal trends as the 
measurements, indicating the spatial accuracy of the 
inventory over which the trajectory passed. 
In view of the possible effects occurring from nitrate 
artifact formatio!l, it is interesting to note that the 
predicted nitrate levels are high in the morning when 
the potential to form artifact nitrate is small. In the 
afternoon the increasing HN03 concentration raises 
the potential formation of artifact nitrate, and it is seen 
that the predicted nitrate concentrations begin to fall 
below the measured levels. 
As an additional check on model performance, 
predicted 0 3 concentrations at EI Monte are com-
pared to measurements in Fig. 7 (c), and the two 
profiles compare welL Ozone measurements were not 
taken at EI Monte, so the measured values being used 
are interpolated from surrounding monitoring sites. 
A good measure of the sensitivity of nitrate forma-
tion to temperature variations is obtained from 
Fig. 7 (d). Increase in the separation between the curves 
is due almost totally to the change in K from the 
temperature change, not from a change in the amount 
of total inorganic nitrate produced. This figure also 
illustrates the potential problems arising from either 
upsetting the equilibrium, or from errors in the 
temperature field specification. 
For model evaluation purposes it was necessary to 
compare predictions and observations at a fixed point; 
however, it is more illuminating to investigate dy-
namics of the nitrate aerosol production along a single 
trajectory. In this manner the effects of the physical 
processes are mote easily isolated. In the series of plots 
shown in Fig. 8, the evolution of pollutant concentra-
tions is shown as the air mass traverses the basin. Early 
morning NH3 emissions into the air parcel increase the 
NH3 concentrations but have only a small effect on the 
aerosol levels because little HN03 has been produced 
by photochemical reactions (Fig. 8a). After sunrise, 
photochemical reactions start forming inorganic ni-
trate from the oxidation of NO .• emissions. Initially 
most of the nitrate formed is tied up in the aerosol 
phase increasing the NH4 N03 concentration and 
decreasing that ofNH 3. Nitric acid continues to be the 
limiting species for aerosol formation until 8 a.m. when 
the HN0 3 concentration begins to rise rapidly. Both 
NH4 N03 and HN03 levels continue to increase, and 
NH3 to drop, until about 9 a.m. when a midmorning 
NH4N03 peak~occurs. After this time the NH4N03 
concentration decreases due to two effects, aerosol 
volatilization by the increasing temperature and dilu-
tion by the growing mixed layer. The profile for PAN, 
an organic nitrate, is shown in Fig. 8(a). PAN follows 
the same diurnal trend as HN03, peaking at 33 ppb 
compared to 44 ppb for HN03. The peak HN03 
concentration was 13 ~'o that of 0 3 , Tuazon et al. 
(1981) found a similar PAN to HN03 ratio and 
approximately the same maximum values. For exam-
ple, the peak HN03 levels were 11 'jo of the observed 
0 3 concentrations at Claremont, California in 1978. 
Figure 8(b) graphIcally illustrates the initial rise in 
NH3 from emissions. Photochemical reaction of NO x 
causes a rapid increase in the concentration of total 
inorganic nitrate shortly after sunrise at 5:45 a.m. 
Total nitrate increases until about noon when dilution 
and deposition of HN0 3 and NH4 N03 cause the 
total nitrate concentrations to stabilize. Profiles of 
three pollutants related to HN0 3 formation, 0 3 , NO 
and N0 2 , are shown in Fig. 8(c) for comparison. 
Vertically-resolved profiles of NR. NO, and its 
precursors are plotted in Fig. 9 at three different times 
during the day. Early in the morning, the most marked 
profile is that of NH3 showing that the emissions are 
being trapped within the mixed layer. Four hours later. 
at 8 a.m., the mixing depth has increased and so has the 
NH4N03, but the availability ofHN03 is still limiting 
the formation. By noon, HN0 3 is the most abundant 
species below the temperature inversion and NH3 
availability now limits aerosol formation. Directly 
above the inversion base the change in the NH 3 profile 
is created by the decrease in HN0 3 allowing a higher 
equilibrium NH3 concentration. 
In this study, the currently available collection of 
simultaneous observations on emissions and air 
quality has been pursued as far as it can be taken, and it 
is apparent that additional model applications should 
be supported by a data set explicitly designed for 
nitrate air quality model verification. Such a data set 
should include simultaneous measurements on all 
species of interest including NH3 and HN03 vapor, 
plus NH; and NO.) concentrations. Measurement 
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methods should be selected that will minimize sam-
pling artifact problems. The sensitivity analysis pre-
sented in this paper points to the need for highly 
accurate temperature data. Model structure dictates 
that temperature measurements must be available 
along the trajectory considered, not just at the end 
point of the trajectory. 
study of aerosol processes, acid deposition and the fate 
of nitrogen containing species. Results from this model 
as well as field measurements (Tuazon et aI., 1981) 
indicate that along most of the trajectories in the 
western portion of the Los Angeles Basin there is more 
HN0 3 than NH 3 , and that the main factors limiting 
the formation of aerosol are warm temperatures and 
lack of NH 3 • This result was also indicated by the 
sensitivity analysis performed on the formation 
mechanism alone. In the eastern part of the basin, 
downwind of the dairies, the situation may well be 
reversed, resulting in a HN03 deficiency. 
FUTURE MODEL APPLICATIONS 
Potential uses of this model include control strategy 
determination for visibility improvement and the 
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Since both HNO, and NH4 N0 3 are products of 
NO.., reactions, the ability to model these two species 
can be valuable in studying the final fate of pollutant 
nitrogen. The model can give bounds on the amount of 
HN0 3 and aerosol nitr;ite deposition. Also by using 
the vertically resolved species concentrations, the mass 
of nitrogen containing species advected out of the 
basin can be approximated. Possible future uses of this 
work include studying acid deposition. An important 
part of that investigation would include the transport 
and production ofNH 3 which would act to neutralize 
acid deposition of both the solid and aqueous phases. 
CONCLUSIONS 
The mathematical model for urban air pollution 
presented here solves the basic equations describing 
the transport and production of gaseous species, and 
the generation of NH4 N03 aerosol. This model is able 
to quantitatively predict an aerosol species concentra-
tion produced by gas phase reactions and condensa-
tion in an urban atmosphere directly from species 
emissions using a mechanistic description of atmos-
pheric processes. Predictions of this model include 
vertically resolved species concentration profiles of 
gaseous pollutants and aerosol NH4 N0 3 . 
Predictions from the proposed model agree weB 
with the 1974 ambient measurements at EI Monte, 
California, and show qualitatively the trends and 
concentrations found by more recent studies where 
measurement methods were used that suppress artifact 
nitrate problems. Future uses of the model include 
control strategy design for visibility improvement, 
the study of aerosol processes and the fate of NO.., 
emissions. 
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Abstract-A mathematical model is used to study the fate of nitrogen oxides (NO.) emissions. and the 
reactions responsible for the formation of nitric acid (HN03). Model results indicate that the majonty of the 
NO. inserted into an air parcel in the Los Angeles ba~in is remo~ed by dry d~positio~ .at the grou~d ~uring 
the first 24 h of travel, and that HN03 is the ~rgest smgle cont~butor to th~s depositIOn Bux. A slgm.ficant 
amount of the nitric acid is produced at night by NlOS hydrolYSIS. Perturbation of the ~20S hydr?lysls rate 
constant within the chemical mechanism results in redistribution of the pathway by which HNO) IS formed, 
but does not greatly affect the total amount ofHNO) produced. Inclusion of N03-aerosol and NzOs-aerosol 
reactions does not affect the system greatly at collision efficiencies, a, of 0.001, but at a = 0.1 ora = 1.0,a great 
deal of nitric acid could be produced by heterogeneous chemical processes. 
Ability to account for the observed nitrate radical (NOl) concentr~tions in the atmosp~ere provides a key 
test of the air quality modeling procedure. Predicted NO) concentrations compare wel.l ?11th those !Dc:asured 
by Platt et al. (Geophys. kes. Lett. 7,89-92, j 980). Analysis shows that transport, deposition and emiSSions, as 
well as chemistry, are important in explaining the behavior of NO) in the atmosphere. 
Key word index: Dry deposition, dinitrogen pentoxide (N10,), N03, nitrate aerosol, nitric acid, nitrogen 
oxides, photOChemical modeling, peroxyacetyl nitrate. 
1. INTRODUCTION 
Nitric acid is a major end product of nitrogen oxides 
emissions. Its presence in the atmosphere can lead to 
the acidification of rain and fog (Galloway and Likens, 
1981; Waldman et aJ., 1982; Levine and Schwartz, 1982; 
Liljestrand and Morgan, 1978; Adewuyi and 
Carmichael, 1982) and to dry deposition (Russell et al., 
1984; Liljestrand, 1980; Huebert, 1983). Aerosol nit-
rates, formed by reaction between nitric acid and either 
ammonia or pre-existing aerosol, are key contributors 
to the visibility problems observed in cities like Los 
Angeles and Denver (White and Roberts, 1977; 
Groblicki et al., 1981). As a result, there is considerable 
interest in better understanding the mechanisms by 
which nitric acid is formed in and removed from the 
atmosphere. 
Recent studies of the deposition of nitrogen-
containing species and the formation of aerosol nit-
rates (McRae and Russell, 1984; Russell et al., 1983, 
1984; Russell and Cass, I 984) show that an understand-
ing of the fate of nitrogen oxides (NOx) emissions 
depends on several poorly understood steps in the 
nitric acid production cycle. Calculations are sensitive 
10 the treatment of dinitrogen pentoxide (NzOs) 
hydrolysis. dry deposition rates, aerosol scavenging 
processes, and temporary storage of NO" in the form 
• Department of Mechanical Engineering. 
t Department of Chemical Engineering, Carnegie-Mellon 
University. Pittsburgh, PA 15213, U.S.A. 
; Environmental Engineering Science Department. 
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of aerosol nitrates and peroxyacetyl nitrate (PAN). 
The purpose of the present paper is to estimate tpe 
relative importance of these key processes to the 
formation and fate of nitric acid and other major 
nitrogen-containing pollutants. 
A number of different methods may be employed to 
investigate nitric acid production, notably: smog 
chamber studies, mathematical models and atmos-
pheric measurements. Each of these approaches has its 
individual strengths and weaknesses. Smog chamber 
studies do not take into account fresh emissions, 
diffusion, transport and deposition to natural surfaces, 
although they do allow accurate characterization of 
the pollutant evolution within a confined air mass. 
Studies based on atmospheric measurements have the 
advantage that the air being sampled has been exposed 
to all of the actual processes affecting pollutant 
formation. In practice, however, it is hard to follow 
individual air parcels in the field. In addition, field data 
usually are taken at ground level, with little or no 
attention being given to the chemistry and transport 
processes taking place aloft. Likewise, it is very difficult 
to separate the effects of transport. chemistry, and 
emissions from one another given most sets of field 
experimental data. 
Mathema:ical models, in their many forms, can 
retain most of the strengths of the two previous 
methods. All theoretical formulations embody some 
degree of approximation, and a variety of'assumptions 
must be used, However, if a model can be formulated 
that performs well when compared to smog chamber 
and field observations, its use has many advantages as a 
27 
894 ARMISTEAD G. RUSSELL et of. 
diagnostic tool for exploring atmospheric processes. 
These models incorporate descriptions of vertical 
diffusion, deposition, pollutant emissions and advec-
tive transport. By suppressing each of these processes 
in turn. one can investigate the extent to which 
particular physical or chemical mechanisms are re-
sponsible for the time rate of change of pollutant 
concentrations observed at ground-based air monitor-
ing sites. In the present study, a photochemical trajec-
tory model will be used to explore the mechanisms that 
determine nitric acid concentrations in the 
atmosphere. 
2. TRAJECTORY MODEL DESCRIPTION 
The trajectory model adopted for use in this study is 
described by Russell et al. (1983), and includes the 
effects of gas phase chemistry, the formation of nitrate 
aerosol, emissions, deposition and vertical diffusion. 
The photochemical mechanism based on McRae et al. 
(1982) has been augmented with the aerosol nitrate 
chemistry of Russell et al. (1983). Five additional 
reactions involving N03 have been added 
describe the atmospheric che!Distry was accomplished 
by comparing predictions against a set of smog 
chamber experiments (Falls and Seinfeld, 1978; 
McRae, 1981). That comparison showed good agree-
ment between measurements and predictions for both 
ozone and the measured nitrogen-containing species. 
Evaluation of the complete trajectory model indicated 
that it adequately predicts the concentrations of gas 
phase pollutants, like ozone, and also the production 
of ammonium nitrate aerosol (see Russell et aI., 1983). 
3. NITROGEN FLUXES AND THE FATE OF NITROGEN 
OXIDES EMISSIONS 
The air quality model was applied to follow the fate 
of NO ... emissions along a 24-h trajectory across the 
Los Angeles basin. The air parcel trajectory used in this 
analysis is shown in Fig. 1, and passed over the 
Claremont, California, area at 1600 (PST) on 28 June 
1974, the same day for which the initial model 
verification was accomplished. The air parcel was 
modeled as a column 1000 m high, divided into 10 cells. 
53 
N03 + HCHO -+ HN03 + HOl + CO kS3 = 0.86 ppm -1 min-I 
S4 
N03 + RCHO .... RC03 + HN03 kS4 = 3.6 ppm- 1 min-I 
55 
N03 +hv -> 0.7N02 +0.70+0.3NO kss =f(hv) 
56 
N03 + OLE .... RPN 
ks 7 = 0.59 ppm - 1 min - 1. 
Rate constants for the nitrate radical attack on alde-
hydes and olefins, (OLE), are from Atkinson et al. 
(1984). The N03 photolysis rate used is from Graham 
and Johnston (1978). The ultimate products of reac-
tion 56 are reported to be nitroxyperoxyalkyl nitrates 
and dinitrates, abbreviated RPN (Bandow ef al., 1980). 
Tests performed on the model show that inclusion of 
reactions 53-57 has little effect on the predictions of 
ozone, NO or N02 , but is important to the dynamics 
of N0 3 and the production of nitric acid. Two other 
nitric acid-producing reactions are 
18 
N0 2 + OH - HN0 3 
k 18 = 1.52 x I ~ ppm - 1 min - 1 
46 
N 20 s + HlO - 2HN03 
k46 = 1.9 x 1O-6ppm-Imin-l. 
The reaction numbers correspond to McRae el al. 
(1982). Rate constants have been updated to reflect the 
recommendations of Atkinson and Lloyd (1984) and 
Baulch er al. (1982). 
An evaluation of the chemical mechanism"s ability to 
The cell thicknesses, starting with the ground level cell, 
were 30, 50, 70, five at 100m thick, 150 and 200 m. The 
day was marked by warm temperatures with an 
elevated inversion and high photochemical activity. 
Emissions into the air parcel were derived from a 
spatially resolved emissions inventory of the Los 
Angeles area. This trajectory was chosen because the 
Claremont area experiences high ozone levels, and 
because comparison will be made to N03 measure-
ments taken in the same location by Platt er al. (1980). 
Results of that model application are shown in 
fig. 2. The widths of the arrows in Fig. 2 represent the 
magnitude of the integrated net fluxes of nitrogen 
species between the start of the trajectory and the end 
of that 24-h period. These calculations represent net 
fluxes in the following manner 
where F i _ i (I) is the net flux of nitrogen from species i 
directly to speciesj from the beginning of the trajectory 
to time t, R~-j is the instantaneous flux of nitrogen 
from species i to j by reaction m and R~-i is similarly 
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Fig. L Trajectory path used in analyzing the nitrogen oxides in the Los Angeles basin, 28 June 1974. 
Emissions 
Fig. 2. Schematic representation of the net ftux between 
nitrogen oxides species, including reaction paths for 
aerosol nitrate (NIT) formation. The width of these 
arrows indicates the magnitude of the net ftux during the 
base case 24-h trajectory simulation. 
the flux from species j to i by reaction n. The 
summation is taken over'all pertinent reactions. These 
results. of course, depend on the trajectory chosen and 
on the meteorology of the particular day studied, but 
they do indicate the general magnitude of each path-
way. From Fig. 2 it is seen that emissions of NO 
comprise about 97 ~'o of the flux of NOx into the 
system. the remaining 3 0 " being NO z. The NO is 
quickly oxidized to NO z (the net flux between species 
is shown), with very little nitrogen deposited out as 
NO. N0 2 then reacts (0 form a variety of products: 
I3 0" is converted directly to HN0 3 , 47 ~o forms PAN, 
13~o N03, 4~0 NzOs. and 20~~ is removed by dry 
deposition at the earth's surface. Three percent of the 
NO z remains in the air parcel at the end of 24 h. About 
25 0 0 of the net N0 3 formed combines with NOz to 
form N z0 5 • which hydrolyzes to form HN03 • Most of 
the N0 3 reacts with the organics to form HN03 • Dry 
deposition removes 43 c;,o of the PAN in the first 24 h, 
leaving the rest to deposit out in subsequent days or to 
AE 19:6-0 
thermally decompose into NOz and the peroxyacetyl 
radical. Thus PAN can act as a reservoir for NO z. 
Since nitric acid is very reactive with most surfaces, it 
deposits out quickly. Almost 73 c;,~ of the nitric acid 
formed is lost by dry deposition. Nitric acid and PAN 
are found to be the major end products of nitrogen 
oxides emissions at the end of 24 h. Additional HN03 
will be produced the next day from the remaining NO z 
and PAN. 
A balance on the nitrogen in the air column, Fig. 3, 
indicates the importance of dry deposition. Fifty-eight 
per cent of the NOx initially present in the air parcel or 
emitted along the trajectory has deposited out before 
reaching the end of the 24-h trajectory. The high 
HN03 formation rates present in photochemical smog 
Fig. 3. Nitrogen balance on the air column illustrating the 
relative contributions, F(n), from initial conditions, emis-
sions and removal by dry deposition. 
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promote rapid nitrogen oxides removal at the ground 
because the deposition velocity of HN03 is higher 
than for many other NO", species (Huebert, 1983). In 
addition, the smog condition studied here is caused in 
part by low mixing depths that increase pollutant 
concentrations adjacent to the ground, accelerating 
dry deposition processes. A plot of the cumulative 
deposition along the trajectory shows that 39 % of the 
oxides of nitrogen deposited as HN03 (Fig. 4). PAN 
and NO l contribute 33 and 24~~, respectively. to the 
dry deposition flux. while particulate ammonium 
nitrate accounts for only 1 ~~. 
4. NITRIC ACID PRODUCTION AT NIGHT 
A comparison of the rates of the four reactions (18. 
46, 53, 54) leading to HN03 formation is shown in 
Fig. 5. As expected, most of the daytime production of 
nitric acid occurs due to the reaction ofNOz with OH. 
During daylight hours the NO) and N20 5 levels are 
very low because ofN03 photolysis and N03 scaveng-
ing by NO (Stockwell and Calvert, 1983). At night a 
considerable amount of nitric acid may be produced by 
N 20 S hydroiysis and NO) reactions with organics. 
During the 24-h period studied, OH attack on N02 
and N20 S hydrolysis, respectively, account for 44 and 
24 ~o of the total nitric acid produced. The two N03 
reactions (53, 54), in total, account for 32 ~~ of the nitric 
acid generated. mostly by reaction (54). 
Clearly the relative importance of various nitric acid 
formation pathways is dependant on the accuracy of 
measured rate data. The rate constant for N20 S 
hydrolysis, k46, adopted in Table 1 is the value recently 
measured by Tuazon et al. (1983). Earlier research by 
Morris and Niki (1973) placed an upper limit on k46 
that is a factor of 8 higher than used in4 the present 
and 
or 
k44 [N0 2 ] 
[N 20 S] = k4S+k46[HlO][N03J. 
study, and the actual rate could still be smaller than 
used here. Measurement of that rate constant is 
plagued by rapid heterogeneous reactions with the 
surfaces of smog chambers used to study that reaction. 
Two approaches will be taken to estimate the magni-
tude of the effect that this uncertainty can have on the 
production of nitric acid. First, the chemical mechan-
ism itself will be dissected to indicate the approximate 
functional dependence of overall nitric acid produc-
tion on each of the key rate constants. Then the 
trajectory model will be used to conduct a study of the 
effect of perturbed rate constants on predicted HN0 3 
formation routes. 
The dynamics of the night-time N03-N20 S system 
is described by the set of II reactions shown in Table 1 
and can be studied in spite of the possible uncertainty 
in the rate constant for reaction (46). Excluding the 
aerosol reactions, the rate expressions for N03 and 
N 20 S using the system in Table 1 becvme 
d[N03] de = k7 [N02 ][03] - ks[N03][NO] 
- k44[N0 2 ][N03 ] + k45 [N 20 S ] 
- korg[ORG][N03] - kdN02][N03] 
and 
d[N 20 s] dt = k44[N02][N03] "- k4 S[NzOs] 
- k46[N 20 s][H 20] 
where 
korg{ORG] = kS3 [HCHO] + kS4 [RCHO] 
+ks6[OLE] 
(2) 
(3) 
(4) 
accounts for the reaction of the organics with N03. 
Both N03 and N 205 have short characteristic reaction 
times, and the pseudo-steady state approximation can 
be made 
(5) 
(6) 
(7) 
Further simplification is possible in (5) by noting that 
k4S ~ k46 [H l O] 
(8) 
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Fig. 4. Cumulative dry deposition of oxidized nitrogen air 
pollutants along a 24-h trajectory in the Los Angeles area, 
in mg N m - 2 of surface area at the bottom of the moving 
Fig. 5. Diurnal variation in the contribution of different 
reaction pathways to the formation of gas phase nitric 
acid. The two reactions [(53) and (54)] between NO) and 
organics have been added together for display purposes. 
air column. 
The formation of N20 S depends on the availability 
of N02• and the N02 concentrations at the beginning 
of the trajectory in west·central Los Angeles County 
are higher than at the end of the trajectory in San 
Bernardino County. For that reason. HNO, prodUction 
via the N20 S + H20 reaction is higher at the start 
than at the end of the calculation. 
Table 1. Major reactions in the NO)-N10S system at night 
Reaction 
7 
N02 +03 -NO) 
s 
NO+NO) .... 2N02 
44 
N01 +N03 ..... N10s 
4' N 2O, - N02 +N03 
46 
N10S +H10 ..... 2HN03 
53 
NO) + HCHO -+ HNO) + HO l + CO 
54 
N03 +RCHO -RC03 +HNO) 
N03 +OLE ~RPN8 
57 
N02 +N03 - NO+N02 +01 
N10S + aerosol ..... 2HN03 
NO) + aerosol - aerosol 
(I) Baulch el al. (1982). 
(2) Tuazon et aJ. (1984). 
(3) Maiko and Troe (1982). 
(4) Tuazon et al. (1983). 
(5) Atkinson el al. (1984). 
Rate constant 2981( 
(ppm min units) Reference 
k7 = 0.05 
ks = 29560 
k44 = 2510 2 
k"5 = 2.9 1,3 
k"6 = 1.9 X 10- 6 4 
k5) = 0.86 5 
k54 = 3.6 5,6 
kS6 = 12.4 5,7,9 
k" = 0.59 10 
k$ 1'1,0, II 
kNo, II 
(6) The rate constant used for the NO) reaction with higher aldehydes is that 
measured for acetaldehyde. 
(7) The value used for the rate constant of the NO) reaction with olefins is that 
measured for the N03 reaction with propene. . 
(8) The ultimate products of reaction (56) are reported to be nitroxyperoxyalkyl 
nitrates and dinitrates (Bandow et aI., 1980). 
(9) Bandow el al. (1980). 
(10) Atkinson and Lloyd (1984). 
(11) See text. 
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The denominator in expression (8) is made up from the 
four sinks in the NzOs-N03 system. The first term is 
due to N03 scavenging by NO, the second to the N03 
reaction with organics, the third to the reaction with 
NO z to form NO, and the last corresponds to nitric 
acid production by NzOs hydrolysis. 
These steady state expressions can be used to 
perform an uncomplicated check on the N03 concen-
tration values reported by Platt et al. (1980) at 
Claremont, California. Using the NOz (0.05 ppm) and 
olefins plus aldehydes (0.04 ppm) values representative 
of night-time conditions during Platt et a/"s (1980) 
experiments, given in Table 2, the magnitudes of the 
last three terms in the denominator of Equation (8) are 
about 0.3, 0.09 and 5 min - 2, respectively. Compared to 
NO, the NO z and olefins plus aldehydes concen-
trations should be relatively constant with height. NO 
concentrations at ground level are needed if the first 
term in the denominator of (8) is to be evaluated. Platt 
et al. (1980) were unable to measure NO, and Tuazon 
er al. (1981) report NO concentrations at sunset below 
the detection limit of 1 ppb at Claremont, California. If 
1 ppb is taken as an upper limit on the NO concen-
tration at ground level, the first term in the denomi-
nator of (8) is of the order 86 min - z, or much greater 
than the other terms combined. At that ground level 
NO concentration, the corresponding N03 concen-
tration is 12 ppt. At the other extreme, if the ground 
level NO concentration is negligible, then the cor-
responding NO) concentration is 211 ppt. That range 
of N03 values brackets the peak NO) concentrations 
measured at ground level by Platt et al. (1980) at 
Claremont. 
Equation (8) next can be used to examine the likely 
situation at night several hundred meters above the 
ground. Ozone scavenges the NO aloft, and the 
stability of the atmosphere at night does not allow 
surface NO emissions to diffuse upward rapidly. 
Under those conditions, the NO concentration several 
hundred meters above the ground should be very low 
(the trajectory model predicts less than I x 10- 6 ppm 
aloft just after sunset). With NO levels very low, the 
uncertainty in NO concentration present at ground 
level is removed, and N03 values aloft approaching the 
NO negligible case of211 ppt should be present. These 
predictions derived quickly from a steady state analysis 
of an approximate night-time chemical mechanism will 
be compared to the results of the full trajectory model 
shortly. 
The expressions derived for NO) and NzOs can be 
used to compute the nitric acid production rates at 
night and also to test the sensitivity of nitric acid 
production to the uncertainty in the NzOs hydrolysis 
rate. Nitric acid is produced at night by NzOs 
hydrolysis (reaction 46) and by two reactions between 
the organics and NO) (reactions 53, 54). Rates for 
these reactions are, respectively 
d[HNO)J 2k46k44k7[HzO][03][NOz]2 (9) 
de k46k44[NOz][HzO] + k4sks[NO] +k4skorg[ORG] + k4sks7[NOz] 
and 
Table 2. Species concentration used in analysis 
Species 
NO (average) 
N02 
0 3 
H 20 
HCHO 
RCHO 
OLE 
NO (ground level) 
NO (above inversion) 
Concentration (ppm) 
I X 10-·· 
O.OSt 
O.lst 
2 x IQ4t 
0.020:j: 
0.020§ 
0.001-
1 x 1O- 3:j: 
1 x 10- 6 .. 
.. Value taken from trajectory model calculations used in 
this study at 19:00 PST. 
t Value representative of those measured by Platt et al. 
(1980). 
:j:Value representative of those measured by Tuazon ef al. 
(1981). 
§Concentration of higher aldehydes set equal to that of 
formaldehyde. 
(10) 
It is instructive to look at the magnitude of equations 
(9) and (10) in two regimes: if the NO is about I ppb 
and if the NO is negligible. 
Using the species concentrations given in Table 2. 
with NO concentration at 1 ppb. and 1.: 46 = 1.9 
x 10- 6 ppm -1 min - I, the dominant route for nitric 
acid production is reaction (46), producing 4 
x 10- 5 ppm min -1 of HNO) [Equation (9)J com-
pared to lxlO-oppmmin- 1 by the set of 
N03-organics reactions [Equation (10)]. 
At high altitudes the NO concentration is very small. 
decreasing N03 scavenging and increasing HNO) 
production. If the NO concentration is negligible. then 
the nitric acid production rates by reaction (46) and by 
the organics-N03 reactions [reactions (53) and (54)J 
are increased to 7 x 10- 4 and 1.9 x 10- 5 ppm min - I. 
respectively. Note that in the absence of NO. decreas-
ing k46 has much less effect on HNO) production by 
NzOshydrolysis. Thisisbecauseif[NOJ < 10- 6 ppm 
and k46k44[NOz][H20] ~ k45kor~[ORG]. then (9) 
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simplifies to 
d(HN03 ] dr = 2k7 [03][N01] (11) 
with no dependence on k46• 
An estimate of the importance of the N10 5 hydro-
lysis to the total rate of nitric acid production can be 
found by comparing the previous calculations to the 
rate of the N01-OH radical reaction at noon. 
Assuming an N01 concentration of 0.100 ppm 
(Tuazon er al., 1981) and an OH radical level of 
2 x 10- 7 ppm (Chameides and Davis, 1982), daytime 
nitric acid production is about 3 x 10- 4 ppm min -I, 
less than the production of HN03 by reaction (46) 
after sunset at locations where the NO concentration is 
negligible (e.g. above the surface layer affected by fresh 
NO emissions). 
Next the complete photochemical trajectory model 
was used to test the sensitivity of nitric acid production 
to variations in a number of key parameters. A 
comparison of the amount of nitric acid produced by 
the various reactions in six different cases is shown in 
Table 3. The base case reflects the calculations pre-
viously described in part 3 of this paper. Rate con-
stants shown in Table 1 were used, and no scavenging 
of NO) and NzOs by aerosols was assumed to take 
place. In this case, night-time reactions (reactions (46), 
(53) and (54)] account for 56 ~I" of the HN03 formed 
during the 24-h trajectory, 41 ~~ of that by the homoge-
neous hydrolysis of N10S. 
There is some possibility that the value of k46 given 
in Table 1 may be too high. A second set of calculations 
was executed with k46 decreased by an order of 
magnitude below the value in Table I. In this case only 
6 ~~ of the nitric acid is produced by reaction (46). 
However, reducing k46 increases the predicted N0 3 
concentrations and thus increases the production· of 
HN0 3 by the reactions involving organics. Still, 47% 
of the nitric acid is produced by night-time reactions, 
and the total nitric acid produced is reduced by only 
3 "'~ (see Table 3). 
Morris and Niki (1973) placed an upper limit on the 
value of k46 equal to 1.5 x 10- S ppm -\ min -I. If this 
value is used, 44 ~~ of the nitric acid is produced by. 
homogeneous hydrolysis of N10S and 36 % by the 
OH-N01 daytime reaction. At the other extreme, if 
k46 is set equal to zero, the total nitric acid produced 
decreases by only 7 %, and the nitrate radical reactions 
with organics now account for 44 % of that produced. 
The final three columns of Table 3 indicate the possible 
effect that heterogeneous reactions could have on the 
production of nitric acid. These reactions will be 
discussed further in following paragraphs. 
The results shown here indicate that the homoge-
neous hydrolysis of NzOs probably is an important 
mechanism in the formation of nitric acid in the 
atmosphere. Reducing the rate constant used from that 
of Morris and Niki (1973) to that of Tuazon et aJ. 
(1983), a factor of eight decrease lowered the amount 
of HN03 produced via reaction (46) by only 55 %. 
Further reduction of k46 by an order of magnitude 
decreased total nitric acid produced at night by only 
18 %. In all cases the nitric acid produced at night is a 
significant fraction of the total. N03-<>rganic reactions 
also are shown to be an important source of nitric acid 
in this analysis. Perturbing k46 results in a redistri-
bution of the amount of nitric acid produced by each 
reaction, but the total nitric formed is not as greatly 
affected (see bottom of Table 3). 
S. PREDICTION OF NO) CONCENTRATIONS 
As indicated earlier, two key species in explaining 
the production of HN03 are NzOs and N03 . 
Unfortunately, there are no ground level measure-
ments ofN10S available and only one set of ambient 
measurements ofN03 , N01 and 0 3 (Platt et al., 1980). 
However, the rapid conversion of NO) to N10S, and 
subsequent rapid decomposition of N 20 S should 
cause NOz, N03 and NzOs to reach equilibrium at 
night, such that 
[N03] [N02] = K 
[N10S] 
where K = 1.2 x 10 - 3 ppm (Tuazon et al., 1984). 
Other reactions of NO) and NzOs would perturb this 
equilibrium state only slightly because the timescales 
for the other competitive reactions are significantly 
Table 3. Percentage of total nitric acid produced by each reaction along a 24-h trajectory 
k46 k46 of 
Base decreased Morris Aerosol scavenging 
Reaction step case by lOx and Niki k46 = 0 (0: = 0.001) (0: = 0.1) (0: = 1.0) 
producing HNO J ('X) ( ~~) ('X) ('Xl (~o) ( ~,~) ( ~Q) 
N02 +OH (18) 44 53 36 56 44 37 29 
N 20 S + H 2O(g) (46) 24 6 44 0 22 5 Ir" 
N03 +HCHO (53) 4 7 2 7 4 1 Ir 
N03 +RCHO (54) 28 34 18 37 28 II 4 
N 20 S + Aerosol 2 46 67 
Percentage of base case 
nitric acid produced lOO~~ 97 117 93 101 114 124 
.. tT, trace amount, less than 1 ~~. 
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longer than those that establish the equilibrium con-
dition. Hence, an ability to correctly predict N03 
concentrations at night would suggest that NzOs 
concentrations also have been predicted correctly. A 
key test of night-time nitric acid formation calcu-
lations at present thus involves comparison of ob-
served and predicted N03 concentrations. 
The trajectory model employed earlier can be used 
to estimate the N03 concentrations observed at 
Riverside on 12 September 1979 by Platt et al. (1980). 
The initial conditions used were the NO;: (0.08 ppm), 
H 20 (23200 ppm), 0 3 (0.23 ppm) and N03 (0.0 ppm) 
concentrations measured by Platt et al. (1980) at 
Riverside at 1800 Pacific Daylight Time (PDT). 
Emissions, again, were derived from a spatially re-
solved 1974 inventory of the area. Air mass motion at 
night on this occasion was small, and the nominal 
motion of the air parcel between 1800 and 2400 h PDT 
would have been only 5.6 km. Since the emission 
inventory and the air parcel characteristics are defined 
over 5 x 5 km grids, a horizontal transport distance of 
only 5.6 km implies that Platt et a/.'s (1980) measure-
ments at a fixed site in Riverside can be compared to a 
short Lagrangian trajectory calculation passing over 
that site. A comparison of the measured and predicted 
ground level N03 concentrations is shown in Fig. 6. 
The measured peak was 288 ppt and the predicted 
peak was about 255 ppt, both profiles showing the 
dramatic rise in N03 just after sunset, and then a rapid 
decline. The predicted concentrations peak about one 
half hour before the measured concentrations, possibly 
due to dissociation rates ofNOz and N03 after sunset 
that aFe greater than that modeled, or due to transport 
on a sub-grid scale. The latter is unlikely as the wind 
velocities during the experiment were not very great, 
and the measured ozone and nitrogen dioxide concen-
trations did not change markedly. 0 3 and NO;: 
predictions and measurements are shown in Fig. 7. 
Predicted and observed ozone concentrations com-
pare quite welL The NO;: predictions are lower than 
observed, but the NO:: trends over time track one 
another. 
2!1O 
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Fig. 6. Predicted and measured NO) concen-
trations at Riverside, 12 September 1979: --, 
predicted; +, measured (Platt et al., 1980). 
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Fig. 7. Predicted and measured 0 3 and NOl 
concentrations at Riverside, 12 September 
1979: --, predicted; x. measured NO l (pIatt et aI., 1980); 0, measured 0 3 (PIatt et aI., 
1980). 
In order to account for the rapid decrease in ground 
level N03 concentrations observed after the peak at 
1930 h as shown in Fig. 6, the 0 3 concentration 
must decrease, and the NO concentration increase. 
Stockwell and Calvert (1983) used a box model, lacking 
vertical resolution and vertical diffusion, and achieved 
this result by greatly increasing NO emissions into 
their model. However, NO emissions in Los Angeles, 
in fact are decreasing at that time of day. There are 
several key reasons why the trajectory model used here 
can reproduce the observed NO) peak without an NO 
emissions increase. Emissions into the vertically re-
solved trajectory model are treated as ground level 
sources. As night falls the atmosphere stabilizes, which 
decreases mixing, causing an increase in the ground 
level NO concentrations. However, the effect of this 
lowered mixing rate in the trajectory model is more 
widespread than its effect on increasing NO concen-
trations :.!.:;;)e and is not equivalent to injecting more NO 
into a box modeL The lowered mixing rate also affects 
the N02 and 0 3 loss rate at the ground and slows the 
downward flux of 0 3 from elevations above the 
ground level cell in the model. Emissions used in this 
study are derived from a spatially resolved emissions 
inventory for the Los Angeles basin, from whic.h the 
emissi('-" density in the Riverside area can be de-
termined. In the trajectory model, deposition fluxes are 
computed based on the concentration in the bottom 
cell only. Use of ground level emissions and deposition, 
coupled with a stably stratified atmosphere at night, 
leads to a very pronounced NO) concentration profile 
with elevation in the atmosphere, as shown in Fig. 8. 
Figure 8 also indicates the potential importance of 
nitric acid production aloft, where the N03 and NlOs 
concentrations are predicted to be much greater than 
those observed at ground level. 
The trajectory model can be used to elucidate the 
important processes affecting the N03 concentration 
at ground level over time. This will be done by 
systematically removing physical processes, such as 
mixing, deposition, chemical reaction and emissions of 
NO, from the trajectory model run that was initiated 
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Fig. 8. Predicted vertical N03 concentration profile at 
1900 (PDT) on 12 September 1979. Air parcel is located at 
Riverside. 
Davis, 1982). Though the rates of these reactions are 
unknown, an upper bound can be found from kinetic 
theory. The trajectory model can be used to assess the 
maximum effect of aerosol scavenging. 
Possible products of the nitrate radical interaction 
with aerosols include aerosol nitrate, a sink in the 
system, or decomposition of the NO) into NO l and 
O. N10S also might decompose into its precursors, 
react with the aerosol surface to form aerosol nitrate, 
or, if the N 205 contacts water on the aerosol surface, it 
could undergo heterogeneous hydrolysis to produce 
nitric acid. In the following analysis, the aerosol 
surface reaction with N03 will be modeled as a sink for 
N03, the products remaining in the aerosol phase; 
while N20 S reaction with the aerosol will be assumed 
to produce nitric acid that could re-enter the gas phase. 
Thus, the two reactions added to the system are 
N03 +aerosol-+aerosol k~o, =J;(n(dp» 
NlOs + aerosol + H 20 ..... 2HN03 + aerosol k~,o, = Ji(n(dp» 
using the 0 3 and N02 values that were measured by 
Platt et aL (1980) at 1800 PDT on 12 September 1979 
at Riverside. The results of this analysis are shown in 
Fig. 9. Removing NO emissions increases the N03 
peak, to about 575 ppt, because NO is a very efficient 
N03 scavenger. Decreasing the N20 S hydrolysis rate 
constant, k46, by an order of magnitude, again in-
creases the Peak N03 concentration to about 830 ppt. 
Further decreasing k46 to zero only increases the N03 
concentration peak to 1000 ppt. Reduction of the value 
of k46 in the two preceding cases causes a delay in the 
occurrence of the N0 3 peak because the removal of 
nitrogen oxides from the system is delayed. Deleting 
deposition of all species changes the N03 profile 
greatly, increasing the peak N03 concentration by 
about fifty percent relative to the base case. 
Vertical mixing has a major effect on the NO) 
concentrations. Trapping the emissions in the bottom 
cell of the model almost removes the peak, whereas the 
base case calculation of the atmospheric mixing after 
sunset increases the peak NO) value and pushes the 
peak to a later time. Reduced vertical mixing in effect 
traps more NO emissions in the bottom cell of the 
model, giving an effect that is opposite to that dis-
cussed previously for the case where emissions are 
suppressed. 
This brief analysis shows that chemistry alone 
cannot explain the behavior ofN03 in the atmosphere. 
A complete analysis requires including the effects of 
transport, deposition and emissions. Given detailed 
data on emissions, meteorology, and 0 3 and N02 
concentrations, a similar analysis could be applied to 
the data of Noxon el al. (1980). 
6. AEROSOL-RADICAL INTERACTIONS 
Both N03 and N 20 S possibly could be scavenged 
by surface reactions with aerosols (Chameides and 
where the two rate constants are calculated as func-
tions of the aerosol size distribution function, n(dp )' 
which determines the aerosol surface area as a function 
of particle diameter, d p' 
An upper bound for these rate constants can be 
derived from kinetic theory by calculating the collision 
rate of the gas molecules with the aerosol surface. 
Assuming that 100% of the collisions are effective 'in 
achieving reaction, these upper limit rate constants are 
given by (Dahneke, 1983) 
... _ f ao [ 1 + Kn ] k; - o2nDi 2Kn(~+Kn)+1 dpn(dp)d(dpl. 
(12) 
where Di is the diffusion coefficient of species i, Kn is 
the Knudsen number based on aerosol size and the 
mean free path of gaseous species i, and IX is the 
collision efficiency. An estimate of the heterogeneous 
reaction rate constants in the Los Angeles atmosphere 
can be found using the measured aerosol size distri-
bution of Table 3 in Whitby et al. (1972). Upper 
bounds on these rate constants, using IX = 1, are 
calculated to be 
k~o, (IX = 1) = 2.4 min - 1 
k~,o, (IX = 1) = 1.5 min -1. 
Collision efficiencies are both hard to measure and 
highly dependent on the aerosol surface character-
istics. Baldwin and Golden (1979) measured the colli-
sion efficiency ofN 20 s on a sulfuric acid surface to be 
greater than 3.8 x 10 - s. Chameides and Davis (I982) 
report measured efficiencies for OH radical-aerosol 
reactions from less than 10- 4 to 0.25, the magnitude 
depending largely on the surface composition. In the 
present work, the assumed collision efficiency, IX, for 
both N20 S and N03-surface reactions will be taken as 
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10- 3, which is between that measured for NzOs on 
sulfuric acid and the OH interaction with NaN03 
(Jech et aI., 1982). The actual rate will vary as the 
aerosol surface characteristics and size distribution 
change. 
The importance of aerosol scavenging is dependent 
on the time scales associated with the different sinks in 
the N03-NzOs system. At night, given the species 
concentrations in Table 2, these sinks and their time 
scales (given as the N03 reaction rate per unit N03 
concentration) are 
NO Scavenging 
Organic reactions 
0.03 < ka[NO] < 30min- 1 
korg[ORG] - 0.10 min -1 
Aerosol interaction k~o, (Ot = 0.001) - 0.004 min -I. 
From these results, aerosol scavenging ofN03 at night 
should be important only at very low NO concen-
trations or at collision efficiencies much higher than 
the Ot = 10- 3 value assumed here. During daylight 
hours, the losses due to photolysis and NO scavenging 
are very much greater than the loss due to aerosols. 
At night NzOs-aerosol reactions can be examined 
by comparing the time scales for NzOs loss: 
Homogeneous hydrolysis k46[H zO] < 0.04 min- 1 
Aerosol interaction k~,o, «(I; = 0.0(1) ,,",0.003 min -1. 
Considering the uncertainties, the time scales as-
sociated with the NzOs sinks at night are close. The 
NzOs homogeneous hydrolysis rate could easily be an 
order of magnitude lower and the aerosol interaction 
higher, the conclusion being that NzOs-aerosol inter-
actions are possibly important at night, lowering the 
concentrations of both N03 and NzOs in the 
atmosphere. 
The trajectory model again can be used to explore 
the effect of aerosols on the oxides of nitrogen system 
and on the production of nitric acid by adding the last 
two reactions shown in Table 1. Again the 24-h 
trajectory passing through Claremont was modeled, 
first with the collision efficiency equal to 0.001 and then 
with Ot = 0.1 and 1.0. For Ot = 0.001, little effect is seen 
on the nitric acid produced when compared to the base 
case as shown in Table 3. Likewise, with ex = 0.001 
there is little effect on the NO) peak shown in Fig. 9. If 
ex = 0.1 or 1.0, the N03 peak almost disappears, but a 
great deal of nitric acid is produced heterogeneously, 
indicating the importance of aerosol interactions at 
high collision efficiencies. 
CONCLUSIONS 
The photochemical trajectory model used by Russell 
et al. (1983) was applied to calculations along a 24-h air 
parcel trajectory crossing the Los Angeles basin during 
a day that exhibits summertime high photochemical 
smog conditions. Ground level dry deposition calcu-
lations show that 58 ~o of the nitrogcn oxides inserted 
into the air parcel have deposited at the ground during 
that 24-h period. Nitrogen oxides removal is domi-
1200.--------------, 
1000 
800 
~ 600 
o 
Z 
400 
200 
2400 
Fig. 9. Predicted N03 concentrations at 
Riverside, 12 September 1979 for the base 
case and for several perturba-
tions from the base case. 
nated by HN03 (39 %), PAN (33 %) and NOz (24 %). 
Much of the nitrogen left in the air column at the end 
of the 24-h trajectory is predicted to be associated with 
NOz or PAN. During the following day, this PAN can 
either continue to deposit or thermally decompose 
releasing NOz. 
Significant nitric acid production takes place both at 
night and during the daytime. For the most probable 
case studied here (the base case of Table 3), about 56 % 
of the nitric acid produced during a 24-h urban 
trajectory traveling across the Los Angeles basin is 
generated at night by reactions involving N03 and 
N 20 S' Most of that HN03 production at night is due 
to the N03 reaction with higher aldehydes and 
hydrolysis ofNzOs. Both pseudo-steady state analysis 
of the night-time chemical mechanism and trajectory 
model results indicate that nitric acid production is 
slightly sensitive to an order of magnitude decrease in 
the N lOS homogeneous hydrolysis rate constant. 
except at high NO levels or if aerosol scavenging is 
relatively efficient (ex ~ 0.001). 
Aerosol interactions with N03 should perturb the 
system only slightly except at very low NO concen-
trations, or if the aerosol collision efficiency is high. 
NzOs interactions with aerosols are more important 
than N03-aerosol reactions at the same collision 
efficiency, an effect magnified by any decrease in the 
N 20 S homogeneous hydrolysis rate constant. Hetero-
geneous reactions on aerosols may be important both 
in the formation of nitric acid. and as a sink for N 20 S ' 
An analysis of the possible effects of uncertainties in 
the N10S homogeneous hydrolysis rate constant 
shows that the effect of this uncertainty is much 
different near the ground than at several hundred 
meters above the ground. Many of the perturbations 
used to estimate the effect of uncertainties within the 
trajectory model cause a redistribution of the mechan-
ism by which nitric acid is formed but do not affect the 
total amount of nitric acid produced greatly during a 
24-h period (see the bottom of Table 3). 
The nitrate radical, NO). is a key species in the 
mechanism producing HN0 3 by N 20 S hydrolysis. 
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The behavior of N03 predicted by the trajectory 
model used here compares well with field observations, 
and is consistent with known emission rates and 
atmospheric dynamics in the Los Angeles area. Results 
indicate that simultaneous calculation of dry de-
position. emissions, chemistry, and vertical transport is 
needed' to reproduce Platt et a/"s (1980) observations 
and that atmospheric measurements made at fixed 
ground level monitoring sites must be interpreted very 
carefully if one is to correctly capture the effect of 
transport processes on atmospheric chemical 
dynamics. 
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Abstract-An intensive field study was conducted throughout California's South Coast Air Basin to acquire 
air quality model validation data for use with aerosol nitrate formation models. Aerosol nitrate, sulfate, 
ammonium, other major ionic aerosol species, nitric acid gas and ammonia were measured concurrently at 
ten sites for forty-eight consecutive hours during the period 30-31 August 1982. Ozone, NO and NO, were 
measured at all locations, and PAN was measured at Pasadena and Riverside, completing a nitrogen balance 
on the air masses studied. 
The product of the measured nitric acid and ammonia concentrations ranged from less than I ppbv2 to 
greater than 300 ppbv2 during the experiment, providing a wide range of conditions over which comparisons 
can be drawn between chemical equilibrium calculations and experimental results. The ionic material in the 
aerosol phase was chemically more complex than is assumed by present theoretical models for the 
equilibrium between NH 3, HN03 and the aerosol phase, and included significant amounts of Na +, Ca2 +, 
Mg2+, K + and Cl- in addition to NH:, SO~ - and NO;. Results of the experiment showed that aerosol 
nitrate levels in excess of 20 Ilgm -3 accumulated in near-coastal locations in the morning of 31 August, 
followed by subsequent transport across the air basin. Trajectory analysis showed that the afternoon aerosol 
nitrate peak observed inland at Rubidoux near Riverside was associated with the same air mass that 
contained the high morning nitrate levels near the coast, indicating that description of both transport and 
atmospheric chemical reactions is important in understanding regional nitrate dynamics. 
1. INTRODUCTION 
Ammonia and nitric acid vapor react to form am-
monium nitrate aerosol. This is important because 
ammonium nitrate containing aerosols account for a 
significant fraction of local and regional visibility 
problems, particularly in Los Angeles and Denver 
(White and Roberts, 1977; Cass, 1979; Groblicki el aI., 
1981). Nitric acid concentrations also are important 
because of their contribution to wet and dry acid 
deposition processes. Since NH4 N03 formation acts 
as an important sink for nitric acid, the formation of 
NH4 N03 must be understood if nitric acid levels are to 
be controlled in a deliberate fashion. Reliable air 
quality models are needed if emission control strategy 
development is to proceed. But before air quality 
models that compute aerosol nitrate and nitric acid 
concentrations are used for emission control strategy 
testing, the accuracy of their predictions must be 
evaluated. 
An air quality model for NH4 N03 formation and 
transport recently has been developed (Russell et al., 
1983). The Caltech photochemical airshed model de-
veloped by McRae and Seinfeld (1983) is used to 
compute gaseous HN03 concentrations from reactive 
hydrocarbon and oxides of nitrogen emissions. An 
inventory of ammonia emissions is introduced into the 
model. Then NH4 N03 concentrations are computed 
at thermodynamic equilibrium between gaseous 
HN03 and NH3 using the approach outlined by 
Stelson and Seinfeld (1982a,b). 
To date, this II).odei has been tested in its trajectory 
form against the time series of gaseous ammonia, 
particulate ammonium ion and particulate nitrate ion 
concentration measurements at EI Monte, California 
on a summer day during 1974. Although the model 
appears to perform well, the ability to confirm this 
conclusion is limited by the absence of field data on 
gaseous nitric acid during that event, and by the 
potential for artifact nitrate formation during sample 
collection by the measurement methods used in 1974. 
Better model validation data are needed. 
Ideally, an air quality model validation data set for 
aerosol nitrate formation should provide measure-
ments of all relevant gaseous species: NO, N0 2, 
HN0 3, NH3, PAN (and 0 3 if photochemical oxidant 
concentrations are to be checked as well). In addition, 
the concentration of the aerosol species NO;, SO~ - , 
NH: should be measured along with all other ionic 
species that are present in the aerosol. Temperature 
and relative humidity data are needed to.compute the 
equilibrium dissociation constant that relates gaseous 
HN03 and NH3 to the aerosol phase. Simultaneous 
measurements at a number of widely spaced monitor-
ing sites are desirable if an Eulerian grid-based version 
of the aerosol nitrate formation model is to be tested. 
Two or more consecutive days of observation are 
required in Los Angeles if air is to be tracked from the 
1815 
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marine environment all of the way to the eastern end of 
the air basin near Riverside. Low artifact measurement 
methods are desired. 
The purpose of this paper is to report on the 
acquisition of such an aerosol nitrate air quality model 
verification data set in southern California. 
2. EXPERIMENTAL 
A field experiment was conducted in the South Coast Air 
Basin (SCAB) that surrounds Los Angeles during the period 
30-31 August 1982. Moderate levels of photochemical smog 
were encountered during the two days studied. Both days 
were warm with scattered clouds. Peak temperatures reached 
35 and 3TC on 30 and 31 August. respectively at the eastern 
end of the Los Angeles basin. During the afternoons, onshore 
winds transported pollutants inland, with typical wind speeds 
of about 5 m S-I. This combination of high temperatures and 
inland transport resulted in a peak I-h average ozone 
concentration of 0.18 ppm on August 30, increasing to a 1-h 
average peak ozone level of 0.26 ppm in the Riverside area on 
31 August. 
Ten monitoring sites were established at the locations 
shown in Fig. 1. The sampling network operated for 48 
consecutive hours from midnight at the start of the first day to 
midnight at the end of 31 August. Two-hour average and 4-h 
average measurements of HN03 (g), NH 3(g), NO l , NH';, 
SO~- and other major ionic species were obtained at each 
site. All sites except Riverside were co-located with a South 
Coast Air Quality Management District (SCAQMD) or 
California Air Resources Board (CARB) continuous air 
monitoring station, and I-h average data on NO, N02, 0 3 
and S02 were obtained by cooperation with these agencies. 
Site descriptions are given by the U.S. Environmental 
Protection Agency (1973, 1978 el seq.). PAN was measured by 
electron capture gas chromatography, and NO and N02 were 
measured by chemiluminescence by researchers at the 
University of California at Riverside (UCR). PAN also was 
measured by the same principle at Caltech in Pasadena. 
The aerosol, nitric acid and ammonia sampling apparatus 
for this experiment is shown schematically in Fig. 2. Aerosol 
nitrate and nitric acid concentrations were measured both by 
dual filter methods and by the denuder difference method. 
Gaseous ammonia was measured by a dual filter method 
using oxalic acid impregnated filters as a sink for NH 3. Filter 
holders were of open-faced design so that any large particle 
nitrates would be collected. The sampling apparatus was 
surrounded by a bug screen and shaded by a sun shield to 
prevent nitrate volatilization through over-heating. Nine of 
the ten sampling sites shown in Fig. 1 were equipped as 
indicated in Fig. 2, while the 10th site at Riverside (UCR) 
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Fig. 2. Schematic of the sampling apparatus used at nine of 
the ten sites. The tenth station used only the two 101 min - 1 
lines with dual filters. 
consisted of only the two sampling lines that contained dual 
filter packs. 
In the dual filter method for nitric acid determination, air 
was drawn at a rate of 10 { min - 1 through a dual filter pack 
(Grosjean, 1983; Spicer el aI., 1982; Appel el aI., 1980). A 
Teflon prefilter (Membrana, Zefluor, 47 mm diameter, 1 11m 
pore size) first removed the aerosol phase constituents. 
Gaseous nitric acid that passed through the inert Teflon 
prefilter was collected as nitrate on a nylon after-filter (Ghia 
Corp., Nylasorb, 47 mm dia, I 11m pore size). Filters, after 
exposure, were sealed immediately in petri dishes and chilled 
until analysis to minimize volatilization from the samples. 
Water soluble material was extracted from these filters by 
mechanical shaking in distilled-deionized-distilled water for 
I h or more. Measured extraction efficiencies typically were 
above 97 ~~. The extract was divided for subsequent chemical 
analysis. The aerosol material extracted from the Teflon 
prefilters was analyzed for nitrate, sulfate, chloride, potassium 
and sodium ions using Dionex Model 10 and Model 2120 ion 
chromatographs (Mueller el al., 1978). Divalent cations 
(calcium and magnesium) were measured using a Varian 
Techtron model AA-6 atomic absorption spectrophotometer 
(Varian, 1975). Ammonium ion on the Teflon filters was 
determined by the phenol-hypochlorite method (Salorzano, 
1967). Nitric acid concentrations were determined· by extract-
ing the nitrate ion collected on the nylon after-filters, with 
chemical analysis by ion chromatography as described above. 
Analytical uncertainties were assessed by analysis of reagent 
grade standards prepared in the range 0-5 ppm (wt/vol 
aqueous solution). Five replicate analyses of each of three 
standard solutions that span the concentration range of 
interest for each species were used to estimate the uncertainty 
associated with the laboratory procedures. The relative 
uncertainty associated with these measurements is shown in 
the first data column of Table 1. A contribution due to the 
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Fig. 1. Locations of nitrate monitoring sites in the South Coast Air Basin. 
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Species 
NO;-
SOi-
CI-
NH: 
Ca2 + 
Na+ 
K+ 
Mg2+ 
HNOJ 
NH3 
Table 1. Measurement uncertainties 
Uncertainty due to 
chemical analysis 
procedure· 
(~~) 
15 
15 
22 
20 
18 
15 
18 
18 
15 
20 
Uncertainty due to 
filter blankt 
(f.lg m- 3) 
1.0 
1.6 
0.6 
0.2 
1.4 
0.8 
1.1 
0.5 
0.8 
0.3 
* One standard error, as % of nominally measured value. 
t One standard error, stated in equivalent atmospheric 
concentration. 
variability of the filter blanks was added to this analytical 
error. More than twenty blank filters of each type were taken 
into the field but not exposed. The average blank values from 
these filters were subtracted from the measured filter loadings. 
The contribution to the uncertainty in these measurements 
due to the variability of the filter blank also is shown in 
Table 1. This uncertainty in the filter blank governs the lowest 
quantifiable pollutant concentrations during this experiment. 
A complete listing of the data from this experiment and their 
associated uncertainties has been compiled (Russell and Cass, 
1983). 
The dual filter method for measuring aerosol nitrate and 
nitric acid has the advantage of simplicity, low cost, sensitivity 
and ability to produce both particulate and gaseous nitrate 
concentration data from the same air stream. Results from the 
nitric acid measurement method intercomparison (Spicer el 
al., 1982) conducted in the SCAB showed that the dual filter 
measurements were highly correlated with the median value 
obtained by all competitive nitric acid measurement methods. 
One of the twO groups of investigators that used a 
Teflon-nylon filter pair during the intercomparison study 
obtained results suggesting a small positive proportional bias. 
while a second group obtained results that suggest no 
significant bias when measuring nitric acid. Dual filter 
methods are susceptible to both positive and negative errors. 
Volatilization of ammonium nitrate would decrease 
measured nitrate aerosol (Appel el al .• 1980). Nitric acid may 
also react with collected aerosol increasing the measured 
nitrate aerosol (Appel el aI., 1980; Spicer and Schumacher, 
1979). 
The second method used for nitric acid determination 
during the present experiment was based on the diffusion 
denuder design described by Forrest el al. (1982), except that 
10 sodium carbonate coated tubes 30 em in length were 
contained within each denuder housing. At a total air flow 
rate of 4.9 t min - I, laminar flow was achieved inside the 
denuder tubes at a nominal Reynolds number of 175 based on 
tube diameter. Air flowing through the denuder was stripped 
of nitric acid by reaction with the tube walls. Particulate 
nitrate (PN) penetrated the denuder and was collected on the 
nylon after-filter. A separate parallel sample line operating at 
4.9 t min - 1 contained a single nylon filter used to collect total 
inorganic nitrate (i.e. nitric acid plus aerosol nitrate). Nitric 
acid concentrations by the denuder difference method were 
obtained by subtracting the particulate nitrate concentration 
from the total inorganic nitrate concentration. Nitrate ion 
levels on these nylon filters were determined by water 
extraction and ion chromatography, with filter blank subtrac-
tion as described previously. 
Nitrate measurements obtained by denuder also are sus-
ceptible to interferences. Large particle nitrate may be lost in 
the denuder by impaction. Laboratory experiments per-
formed on the denuders used in this experiment show losses 
of about 30 ~/o for particles larger than 4 f.lm in diameter 
(Strand, 1983). Because of this measurable bias in the denuder 
system, nitric acid concentrations presented in this paper will 
be based on the dual filter method. 
Gaseous ammonia concentrations were determined from 
the dual filter pack shown in Fig. 2 that contained an oxalic 
acid impregnated back-up filter. The aerosol phase containing 
ammonium ion first was removed by a Teflon prefilter 
(Membrana, Zefluor, 47 mm dia, 1.0 f.lm pore size). Ammonia 
gas remaining in the air stream was collected by reaction with 
an oxalic acid impregnated glass fiber filter (Gelman Type 
AE, 47 mm diameter) (Yoong, 1981; Appel el aI., 1980; Cadle 
el aI., 1980). After collection, filters were sealed and chilled as 
described previously. Ammonia concentrations were de-
termined from the ammonium ion collected on the oxalic acid 
impregnated filters by a modified version of the 
phenol-hypochlorite method (Salorzano, 1967). The excess 
oxalate and acid on the glass fiber filters interfered signifi-
cantly with the method of Salorzano (1967), so the method 
was modified, adding a phosphate buffer (Harwood and 
Kuhn, 1970) and adcitional hydroxide. The modified method 
is described by Russell (1983) and was found to give 
reproducible results with a correlation coefficient of r = 0.99. 
Standard deviations for recovery of NH: standards contain-
ing 1 and 0.5 ppm (N by wt) were 2.5 and 3.5 ~~, respectively. 
The calculated equilibrium dissociation constant for the 
HN03-NH3-NH4 N03 system is highly dependent on am-
bient temperature and relative humidity. Temperature meas-
urements to accompany each ambient sample were obtained 
from nearby weather monitoring stations, where possible, or 
from temperature measurements that were taken at the air 
monitoring site by the station operators using mercury 
thermometers. Instantaneous temperatures were taken each 
hour. Relative humidities were cQmputed from measured dew 
point saturation temperatures that are monitored at a 
number of locations in the SCAB. Dew point temperatures 
were interpolated to the location of each monitoring site by 
the method of Goodin el ai. (1979). 
3. RESULTS 
Based on previous descriptions of aerosol nitrate 
concentrations in the Los Angeles area (Appel et al., 
1978), high aerosol nitrate concentrations were ex-
pected in the Riverside area in the late afternoon due to 
production of nitric acid in the plume downwind of 
metropolitan Los Angeles. High aerosol nitrate levels 
(above 25 j1g m - 3) were observed at Rubidoux as 
expected, as is seen in Fig. 3(a). However, unexpectedly 
high nitrate levels also were observed at near-coastal 
sites like Lennox and Long Beach in the morning of 31 
August, as seen in Fig. 3(c). 
Hourly averaged data on surface wind speed and 
direction at 39 monitoring sites in Southern California 
were acquired from governmental agencies for the 
period 30-31 August 1982. A mass-consistent wind 
field defined over a 5 km x 5 km grid system that 
covers the geographic area shown in Fig. 1 was 
developed for each hour by the method of Goodin et 
al. (1979). Air parcel trajectories were integrated over 
these gridded wind fields using 10 min time steps. 
Trajectory analysis shows that the peak nitrate concen-
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Fig. 3. (a) Nitrate concentration observed at Rubidoux, 30-31 August 1982. 
(b) Trajectory of the air mass passing over the long Beach area at 1100 on 31 August and 
over the Rubidoux area at 1800 on 31 August 1982. (c) Nitrate concentrations at Long 
Beach, 30-31 August 1982. 
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tration at Rubidoux on the afternoon of 31 August is 
related to the coastal peak observed at Long Beach 
earlier that morning. A forward trajectory drawn from 
the nitrate peak in the Long Beach area at 1100 hours 
on the morning of 31 August passes within 3.5 km of 
Rubidoux between 1700 and 1800 hours in the late 
afternoon at the time of the nitrate peak in the eastern 
portion of the air basin [see Fig. 3(b)]. A backward 
trajectory drawn from Long Beach at 1100 hours on 31 
August shows that that air mass first crossed the 
coastline during the sea breeze portion of the late 
afternoon of 30 August. At night, wind speeds dropped 
to less than 0.5 m s - 1 with variable wind direction. The 
air mass stagnated overnight in Long Beach, an area of 
high NOx emissions (see Fig. 6 in Russell et aI., 1983). 
The high nitrate concentration observed at Long 
Beach in the morning of 31 August resulted from 
progressive aerosol accumulation within a largely 
stagnant and stable air mass. This nitrate-rich air 
parcel then was advected inland on the next day's sea 
breeze. It appears that transport may playas important 
a role as chemical reaction in accumulating high nitrate 
levels. 
A balance on the ionic material in the samples taken 
at Long Beach is shown in Fig. 4. The major con-
stituentsare NH:, N03"and SOi-, but Na + ,and Ca2 + 
often account for about one third of the cations 
present, suggesting sea salt and soil dust contributions 
CATIONS MEASURED AT LONG BEACH 
~ 
. 
% 
"-If) 
.... 
6 § 
v 
If) 
~ 
i 
0 
~ 
a: 
~ 
O.Q 
o 
(a) 
ANIONS MEASUREO AT LONG BEACH 
~ CHlORIDE SULFATE NITRATE 
8 12 16 
30 AUG. 1982 
211 
HOURS (POT) 
(b) 
8 12 16 
31 AUG. 1982 
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to the aerosol samples. Na + usually is present in excess 
of CI - , suggesting that n:action with strong acids like 
H 2S04 or HN03 has displaced some of the chloride 
from the sea salt portion of the aerosol (Martens et ai., 
1973; Duce, 1969; Robbins el al., 1959; Hitchcock el al., 
1980). The ion balance is good in spite of the fact that 
CO~-, OH- and H+ concentrations were not 
measured. Previous studies in the SCAB show the 
presence of very low carbonate carbon levels in the 
aerosol (M ueHer el al., 1972). Large amounts of 
hydrogen ion would not be expected because of the 
great excess of ammonia present during this 
experiment. 
The composition of the aerosol observed inland at 
Riverside is shown in Fig. 5. The largest contributors to 
the ionic material are NH: and NO;, but noticeable 
amounts of K +, Mg2 +, Ca2 +, Na + and CI- also are 
found. Note that CI- arrives with the aerosol between 
1600 and 1800 hours on 31 August near the time of 
arrival of the trajectory from Long Beach discussed 
previously. The important point to note from these ion 
balances is that the ionic material in the actual aerosol 
is much more complex than the mixed sulfate, nitrate 
and ammonium salts that can be described by present 
theoretical models for the equilibrium between NH3 , 
HN0 3 and the aerosol phase. 
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Fig. 5. Ionic species concentration at Riverside. (a) Cations. (h) Anions. 
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Gas phase HN03 concentrations are compared to 
aerosol NOJat the polluted near-coastal sites at Long 
Beach and Lennox in Fig. 6. Nearly all of the inorganic 
nitrate is in the aerosol phase. In contrast, Fig. 7 shows 
that ammonia is partitioned about equally between 
NH3(g) and aerosol NH; at Long Beach, while at 
Lennox ammonia gas concentrations often were quite 
elevated, suggesting an NHJ source upwind of Lennox 
(possibly at a nearby refinery or at the nearby 
Hyperion sewage treatment plant). 
Inland from the coast, gaseous nitric acid concen-
trations begin to increase in the late morning and early 
afternoon, due possibly to photochemical production 
ofHN03 or to volatilization ofNH4 N0 3. This can be 
seen in Fig. 8 at Anaheim (which is located between 
Long Beach and Riverside). By the time that the air 
parcel defined at Long Beach at 1100 hours on 31 
August reaches Rubidoux between 1600 and 1800 
hours, a tremendous increase in NH3 in the air parcel 
has occurred [Fig. 9(b)], and most of the inorganic 
nitrate again is found in the aerosol phase [Fig. 9(a)]. 
This increase in NH J is consistent with estimates of the 
spatial distribution ofNH3 sources in the Los Angeles 
area given by Cass et al. (1982) and Russell et al. (1983), 
which shows that the largest source ofNH3 in the Los 
Angeles area arises from a large group of dairies and 
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Fig. 6. Particulate nitrate and gaseous nitric acid concentrations (J.1g m - 3 as NO)'). 
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animal husbandry operations in the Chino area just to 
the west of Riverside and Rubidoux. 
The product of the measured concentrations of 
ammonia and nitric acid vapor is a key parameter that 
can be compared to the predictions of theoretical 
models for the ammonia and nitric acid concentrations 
expected at thermodynamic equilibrium with the aero-
sol phase. Nitric acid and ammonia concentration 
measurements were used to calculate their concen-
tration product (CP) at each monitoring site. As seen in 
Fig. 10, the measured CP at Rubidoux varies from less 
than 20 to over 300 ppbv2, and measured C P's at some 
monitoring sites were observed below 1 ppbv2 • A very 
wide range ofNH) and HNO) concentration product 
data thus have been acquired for use in verifying 
theoretical calculations. The hypothesis that aerosol 
nitrates were in equilibrium with gas phase nitric acid 
and ammonia during this experiment has been tested 
by Hildemann et al. (1984). 
At two locations, Riverside and Pasadena, the major 
gaseous and aerosol species that evolve from NO. 
emissions were measured. Fig. 11 shows that most of 
. the pollutant oxides of nitrogen at these two sites were 
present as NO and N02 throughout this experiment. 
Only a small fractional conversion of NO emissions to 
HN0 3 and NH4 NO) is needed to explain the nitrate 
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concentrations observed. The fractional conversion of 
NO and N02 to nitrate species during this experiment 
is lower than observed during some other field measure-
ment programs (Grosjean, 1983; Spicer, 1982) but this 
is consistent with the lower level of photochemical 
activity experienced during this 2-day experiment. On 
the days sampled, peak l·h average 0 3 concentrations 
exceeded 0.20 ppm at only a few monitoring sites, with 
the basin-wide l-h 0 3 peak within the region shown in 
Fig. 1 amounting to 0.26 ppm. In contrast, the 0 3 
concentration on the 1974 day modeled previously by 
Russell et al. (1983) exceeded 0.40 ppm with a cor-
respondingly higher conversion of NO x to HN0 3 and 
PAN. 
4. CONCLUSIONS 
Results from the field experiment show that the ionic 
material in the aerosol phase throughout the South 
Coast Air Basin is chemically complex. At most times, 
the bulk of the ionic aerosol is composed of nitrate, 
sulfate and ammonium ion. However there are signifi-
cant amounts of Na+, Ca2 +, Mg2+, K+, CI- and 
pos~ibly CO~ -, OH - or H + i~ns also present. The 
coastal nitrate-containing aerosol has a significant sea 
salt derived fraction, probably from the displacement 
of chloride by reaction with nitric acid. These multi-
component aerosols are more complex than can be 
handled by present mathematical models for the 
equilibrium between HN0 3, NH3 and a mixed sulfate, 
nitrate and ammonium containing aerosol. 
Trajectory analysis has been used to judge the 
importance of transport in determining aerosol nitrate 
concentrations. Large amourrts of nitrate were shown 
to accumulate in an air mass that stagnated near the 
coast at night. Later, this nitrate laden air mass was 
transported inland by the sea breeze. The time of the 
nitrate peak inland near Riverside coincided with the 
time that that nitrate laden air mass reached that area. 
This indicates that a description of transport charac-
teristics as well as atmospheric chemistry is important 
in understanding the dynamics that govern the high 
nitrate levels observed in the eastern portion of the Los 
Angeles basin. 
A nitrogen balance constructed at two locations in 
the Los Angeles basin shows that conversion of only a 
small fraction of the NO x emissions to HN0 3 and 
NH4 N03 is sufficient to explain the aerosol nitrate and 
nitric acid observed. The two days studied here were 
both considered to have moderate smog (fairly typical 
of a summer day), and a correspondingly lower 
oxidation of NO x to HN0 3 and PAN than would 
occur during an extreme air pollution episode in Los 
Angeles. 
The data set derived from this experiment can be 
used in verification tests of aerosol nitrate formation 
models, and will challenge the predictive capability of 
current air quality models. The days sampled during 
this experiment exhibited both interesting transport 
patterns and evidence of chemical transformations 
that can be used to test both the transport and gas-to-
particle conversion descriptions built into regional 
scale air quality models. 
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AMMONIA AND NITRIC ACID CONCENTRATIONS IN 
EQUILIBRIUM WITH ATMOSPHERIC AEROSOLS: 
EXPERIMENT VS THEORY 
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Engineering Department and Environmental Quality Laboratory, California Institute of Technology. 
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Abstract-The equilibrium between gaseous ammonia. nitric acid, and aerosol nitrate is discussed on the 
basis of a recent field experiment in southern California. Comparison is drawn between theoretical 
equilibrium calculations and simultaneous measurements of nitric acid, ammonia, ammonium ion, nitrate 
ion. sulfate ion. other ionic species, temperature and dewpoint. Particulate and gaseous pollutant 
concentrations at some inland sampling sites are readily explained if the aerosol is assumed to exist as an 
external mixture with all particulate nitrate and ammonium available to form pure NH4N03. At other 
monitoring sites. especially near the coast. aerosol nitrate is found in the presence of NH3 and HNO, 
concentrations that thermodynamic calculations show are too low to produce pure NH4NO,. This can be 
explained when the amount of aerosol nitrate that can be derived from reaction of nitric acid with sea salt and 
soil dust is taken into account. A calculation approach that accounts for the presence of mixed sulfate and 
nitrate salts improves the agreement between predicted and observed pollutant concentrations in the 
majority of cases studied. Uncertainties in these calculations arise from a number of sources including the 
thermodynamic quantities. and the effect of these uncertainties on the comparison between theory and 
experiment is discussed. 
INTRODUCTION 
Theoretical calculations for the formation of atmos-
pheric aerosol nitrate based on thermodynamic 
. equilibrium between ammonia, nitric acid and aerosol 
constituents have been presented recently by several 
research groups (Stelson el al., 1979; Stelson and 
Seinfeld, 1982 a,b,c; Tang, 1976, 1980; Saxena 
and Peterson, 1981; Saxena el al., 1983; Bassett and' 
Seinfeld, 1983). These chemical equilibrium calcu-
lations when embedded within a photochemical air-
shed model show promise of being able to predict the 
aerosol nitrate concentrations that will result from 
regional emissions of sulfurous, nitrogenous and 
hydrocarbon (HC) gaseous precursors (Russell el al., 
1983). 
Very few complete sets of atmospheric measure-
ments exist, however, against which these chemical 
equilibrium calculations have been tested. Stelson el al. 
(1979) and Doyle et al. (1979) have shown that 
measurements of gaseous nitric acid and ammonia 
often are consistent with the upper limit on those 
concentrations predicted if the gases were in equilib-
rium with pure solid NH4 N03 . In those studies, the 
aerosol phase was not characterized completely, and 
little insight is gained into the cause of those cases 
where the atmospheric concentration products ofNH 3 
and HN03 fall below the equilibrium dissociation 
constant for pure NH4 N0 3 • The hypothesis that 
NH 3 , HN03 , and NH4 N0 3 are in equilibrium also 
has been pursued in cool humid atmospheres 
(Harrison and Pio, 1983) and at the low concentrations 
present in rural atmospheres (Cadle et aI., 1982). Very 
little work has been published to date that examines 
the agreement between equilibrium-based calculation 
schemes and field observations in cases where the ionic 
components in the aerosol are treated as being more 
complex than pure NH4 N03 . A step in this direction is 
provided by Tanner (1982), who compared the thermo-
dynamics of aqueous mixed sulfate-nitrate solutions 
and solid ammonium nitrate to field experiments 
under conditions present on Long Island, New York. 
In the present paper, the role of atmospheric nitric 
acid and ammonia in the formation of nitrate-
containing aerosols is discussed on the basis of field 
experiments conducted in southern California. 
Comparison is drawn between theoretical equilibrium 
calculations and an extensive collection of simul-
taneous observations on HN03 • NH 3 , NHi. NO;. 
SO~- , other ionic species, temperature and dewpoint. 
Calculations for the chemical equilibrium within multi-
component aerosols are contrasted to the results 
obtained if a pure NH3 , HN03 , NH4 N03 system had 
been present. The case where non-volatile nitrates are 
present due to reaction between nitric acid and either 
sea salt or soil dust is considered. The effect of 
uncertainties in the thermochemical data required for 
these equilibrium calculations is discussed, as well as 
the implications that these uncertainties hold for 
verification studies of regional airshed models for 
aerosol nitrate formation. 
EXPERIMENTAL 
The measurements used in this comparison were taken on 
30-31 August 1982.as part ofa project designed to acquire an 
air quality model validation data set for use in testing models 
for aerosol nitrate formation and transport. Gaseous nitric 
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Fig. 1. Air monitoring sites in the South Coast Air Basin that surrounds Los Angeles. 
acid and ammonia, and aerosol sulfate, nitrate, ammonium 
and other major ionic species were monitored at 10 locations 
in southern California (Fig. 1) over a 48-h period. The details 
of the experiment are described by Russell and Cass (1984), 
and only will be summarized here. 
Gaseous nitric acid and ammonia and the major ionic 
aerosol species were measured over 2-h and 4-h intervals 
using filter-based techniques. Nitric acid measurements used 
in this study were obtained by the dual filter method, using a 
Teflon prefilter (Membrana Zefluor, 47 mm dia, 111m pore 
size) for aerosol removal, followed by a nylon filter (Ghia 
Nylasorb, 47 mm dia, 111m pore size) which quantitatively 
collects nitric acid as nitrate (Spicer and Schumacher, 1979; 
Appel el al., 1980; Spicer el aI., 1982). Ammonia was collected as 
ammonium using an oxalic acid impregnated glass fiber filter 
(Gelman AE) preceded by a separate Teflon prefilter that 
removed aerosol NH: (Yoong, 1981; Appel el aI., 1980; Cadle 
el al., 1982). Aerosol phase constituents were measured from 
material collected on the two Teflon prefilters. Ion chromato-
graphy was used to determine SO~ - , NO;-, Cl- , Na + and K + 
concentrations. Divalent cations, Ca2 + and Mg2+, were 
analyzed using atomic absorption spectroscopy (Varian 
Techtron Model AA6). Ammonium ion concentrations were 
measured by the phenol hypochlorite method (Salorzano, 
1967; Harwood and Kuhn, 1970; Russell, 1983). 
EQUILIBRIUM CALCULATIONS 
Several alternative methods were used to calculate 
the partial pressures of ammonia and nitric acid vapor 
which in theory should be found in equilibrium with 
the aerosol phase. When the aerosol phase was as-
sumed to consist of pure ammonium nitrate (s or aq) or 
an aqueous NH:, NO)" , SO~ - mixture, the calcu-
lations were based on the studies by Stelson and 
Seinfeld (1982a,c). Calculations involving dry, intern-
ally mixed NH:, NO)" , SO~- aerosols can be viewed, 
from two perspectives. If the solid phase is assumed to 
exist as a solid solution, then calculations can be 
performed by the method of Saxena el al. (1983). If the 
solid phase exists as a heterogeneous mixture of 
various crystalline phases, then the vapor pressures 
could be as high as over solid NH4N03 (Stelson and 
Seinfeld, 1982c). Each of these approaches is based on 
fundamental thermodynamic concepts, and provides a 
method for calculating the equilibrium partial pressure 
product ofNH3 and HN03 which should be found in 
the presence of a specified level of gaseous and aerosol 
constituents. The algorithm outlined by Russell et al. 
(1983) was used to check the apportionment of 
measured total nitrate (HN03 (g) plus NO)" ) and total 
ammonia (NH3 (g) + NH: ) between the gaseous and 
aerosol phases. 
Because it is important to an understanding of the 
data analysis which follows, the mechanics of the 
aerosol equilibrium model calculations will be de-
scribed here in some detail, illustrated for the case of 
pure NH4 N03 formation. First, the equilibrium dis-
sociation constant, K, for pure ammonium nitrate is 
calculated from the ambient temperature, (T), and 
relative humidity, (r.h.) (Stelson and Seinfeld, 1982a). 
Then the total nitrate, [TN], and total ammonia, [T A], 
available to form ammonium nitrate is calculated as 
[TN] = [HN03 (g)]m + [NO)"]m (1) 
[TAJ = [NH3 (g)]m + [NH:Jm, (2) 
where [HN03 (g)]m is the measured gaseous nitric acid 
concentration, [NH3 (g)]m is the measured gaseous 
ammonia concentration, and [NO)"]m and [NH;]m 
are the measured aerosol nitrate and ammonium 
concentrations, respectively, available or free to form 
NH4N03 . Then the equilibrium constraint 
[NH3(g)] [HN03(g)] ~ K 
is imposed. If [TN] [TA] ~ K, no ammonium 
nitrate is predicted to be present because there is 
not enough total nitrate and total ammonia to support 
aerosol NH4 N03 formation. If [TN] [TA] > K 
then aerosol ammonium nitrate is predicted to 
form from the gas phase precursors such that the 
product [NH3(g)Jc [HN03 (g)1 = K. The subscript c 
indicates a theoretically computed pollutant concen-
tration that may differ from measured values. 
Conservation of T A and TN gives the final expression 
for the ammonium nitrate formed as 
[NH4 N03Jc = H[TA] + [TN] -[([TA] 
+[TNJ)2-4([TA][TN]-K)]!} (3). 
and the gas phase concentrations 
[NH3(g)1= [TA]-[NH4N031 (4) 
and 
[HN03 (g)1 = [TN]-[NH4N03Jc. (5) 
Thus the inputs to the model calculation are TA, TN, T 
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and r.h., and the outputs are the calculated aerosol and 
gas phase concentrations, and the dissociation con-
stant, K. K and the calculated concentrations are very 
sensitive to T, and also to r.h. if the r.h. is high (Fig. 2). 
Addition of ammonium sulfate to solutions contain-
ing aqueous ammonium nitrate would lower the vapor 
pressure product [NH3J [HN03 ] in equilibrium with 
the aerosol phase (Fig. 2). In Fig. 2, Y is the ionic 
strength fraction of ammonium nitrate and is calcu-
lated as 
Y= [NH .. N03] 
[NH .. N03 ] + 3[(NH .. hSO .. ]· 
(6) 
Note that the concentration product of nitric acid 
times ammonia in equilibrium with a mixed sul-
fate/nitrate solution having a value of Y = 0.5 is about 
half as high as that in equilibrium with a pure 
ammonium nitrate solution. The temperature depen-
dence of the panial pressure product for the aqueous 
mixed salt case should be similar to that of the pure 
salt. In the case of a dry internally mixed ammonium 
nitrate and sulfate solid solution, the vapor pressure 
product is given as 
(7) 
where z is the mole fraction NH .. N03 in the aerosol 
phase and K is the dissociation constant for am-
monium nitrate (Saxena el al., 1983). If the dry mixed 
salt is viewed as a combination of the stable NH: , 
NO;-, SO~ - saits, such as NH4 N03 and 
3(NH4 N03 HNH4 hSO .. , then the concentration 
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Fig. 2. Partial pressure product of ammonia and nitric 
acid in equilibrium with a sulfate, nitrate and am-
monium containing aerosol as a function of relative 
humidity and ammonium nitrate ionic strength frac-
tion at 25°C (from Stelson and Seinfeld, 1982c). 
product [NH3J [HN03 ] at equilibrium with the solid 
phase could be as high as K calculated for pure 
NH4N03 (Ste!son and Seinfeld, 1982c). 
UNCERTAINTY ANALYSIS 
Uncertainties arise in this analysis from a number of 
sources and are important when comparing the theor-
etically computed pollutant concentrations to the field 
experimental results. For those cases where the gas 
phase is assumed to be in equilibrium with pure 
ammonium nitrate, a formal error analysis was 
conducted. 
An estimate was provided for the standard error of 
each of the measured parameters required in the 
calculation: NH3, NHt ,HN03 , NO;-, T and r.h. 
Uncertainties associated with the Gibbs free energies 
involved in calculations by the method of Stelson and 
Seinfeld (l982a) were taken from Parker el al. (1976). 
The global sensitivity of the calculation scheme to 
uncertainties in the input variables is very non-linear, 
and analytical methods for calculating the standard 
error associated with the model outputs are difficult to 
execute. Instead, a stochastic simulation approach was 
used to propagate the error estimates for the measured 
quantities and Gibbs free energies through the equilib-
rium calculations. For each time interval at all air 
sampling sites, the modified Box-Mueller method 
(Jansson, 1966) was used to generate 200 random, 
normally distributed, perturbed values for the model 
input parameters, each set having a mean equal to the 
nominally measured parameter value and a standard 
deviation associated with the uncertainty in that value. 
Then 200 alternative values for K were calculated and 
200 estimates of the partition of TN and T A between 
the gaseous and aerosol phase were generated using 
the perturbed data sets. In the figures that follow, error 
bounds shown represent one standard error about the 
nominally measured or computed value based on the 
error propagation study just described. In most cases, 
uncertainty in the ambient temperatures is the prin-
cipal contributor to uncertainty in the computed value 
of the equilibrium dissociation constant, K. 
Additional potential contributors to uncertainty in 
this analysis can be noted, but were not quantified. No 
attempt was made to include the contribution from 
uncertainties in thermodynamic properties other than 
the Gibbs free energies. The additional uncertainty due 
to the other thermodynamic properties involved in the 
calculations, such as the molal heat content, osmotic 
coefficient, ionic activity and specific heats, should be 
small. The equilibrium between nitric acid, ammonia, 
water vapor and the aerosol is assumed.to prevail at a 
single instant in time, but calculations were actually 
based on concentrations and temperatures averaged 
over 2-h and 4-h intervals. It can be shown that if the 
ambient nitric acid and ammonia concentrations are 
positively correlated, then the product of the averaged 
concentrations is less than the averaged concentration 
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product, 
PHNO, PNH , < PHNO, PNH, (8) 
for any finite time period. Since the extent of this bias is 
unknown, it was not included in the error analysis. The 
duration of the sampling interval may also affect the 
extent of artifact nitrate formation (Appel et ai., 1980; 
Spicer and Schumacher, 1979). It will be seen in t~e 
figures that follow that generally bet~er agreement IS 
obtained between theory and experIment when the 
shorter-term (2-h) samples are used rather than the 
longer-term (4-h) samples. 
CASES EXAMINED 
Models for ionic aerosol formation in equilibrium 
with gas phase precursors have been developed only 
for a limited range of aerosol chemical compositions. 
The most advanced treatments at present are for 
concentrated mixed salt solutions containing different 
combinations of nitrate, sulfate, ammonium, hydrogen 
and magnesium ions (Saxena et ai., 1983; Tang, 1980; 
Bassett and Seinfeld, 1983). The actual aerosol is much 
more complex than is assumed by current theoretical 
models. Results from the present experiment show that 
the ionic portion of the bulk aerosol contains all of the 
above, plus sodium, potassium, calcium and chloride 
ions (see Figs 4 and 5 of Russell and Cass, 1984). From 
the experimental data, it is impossible to tell how the 
individual aerosol particles are speciated. In other 
words, it is not known what fraction of the nitrate or 
ammonium, if any, is present as ammonium nitrate, 
and whether the ammonium nitrate is associated with 
ammonium sulfate (for example) within individual 
aerosol particles. As a result, three hypothetical distri-
butions of aerosol constituents between particles will 
be discussed which span the likely range of aerosol 
composition: a purely external mixture, a purely 
internal mixture, and a size-segregated internal 
mixture. 
In an external mixture, each particle is composed of 
a single salt (possibly aqueous) such as pure NH4 N0 3 , 
(NH4 lzS04 or NaCl, and the bulk aerosol com-
position (as seen in Figs 4 and 5 of Russell and Cass, 
1984) is achieved by dispersing a variety of particles 
with different chemical compositions in the same air 
mass. At the other extreme, an internal mixture.is 
achieved if each particle has the same chemical com-
position as the bulk aerosol, and hence consists of a 
complex mixture of many different anions and cations. 
An interesting and intermediate case is that of a size-
segregated internal mixture. In this case, the aero-
sol will be assumed to exist in two size classes, 
coarse (particle diameter, dp' > 2.5 }lm) and fine 
(d p ~ 2.5 }lm). Coarse aerosols usually are generated 
mechanically. Sea spray and soil dust aerosols would 
be prime examples. Gas-particle reactions may take 
place on the surface of coarse particles, altering the 
original composition of the aerosol, but the particle 
size would not decrease significantly. Ionic species 
concentrated in the large particle fraction would 
include chiefly, Ca 2 +, Mg2 +, K +, Na + and CI-, plus 
enough large particle NO; to achieve a charge balance 
(obtained by reaction of nitric acid with sea salt or soil 
dust). The fine particle fraction will be assumed to have 
been formed by gas to particle conversion processes, 
and would contain all of the ammonium, all of the 
sulfate and that portion of the nitrate not attributed to 
the coarse particle mode. This framework for the size-
segregated internal mixture hypothesis is consistent 
with observations that sulfate and ammonium are 
found chiefly in the small particle size ranges; Na + , 
Ca2 + and CI- are found in large particles, while NO; 
is found in significant amounts in both the coarse and 
fine fractions (Appel et at., 1978; Kadowaki, 1977). 
EXTERNAL MIXTURE 
In the case of an external mixture, pure salt particles, 
such as NH4N03 , NaCl, 01' (NH4hS04, are assumed 
to be present, and the gas phase concentrations ofNH 3 
and HN03 are governed by equilibrium with 
NH4 N03 • The key remaining question centers on the 
possibility that other nitrate containing aerosol species 
less volatile than NH4 N03 are present in separate 
particles (e.g. NaN03 ), and hence some of the aerosol 
nitrate is not available to interact with the precursor 
gases. Field experimental measurements do not give an 
absolute answer to this question, but two extreme 
possible cases can be studied. In the first case, all of the 
ammonia, nitric acid, and aerosol ammonium and 
nitrate are assumed to be available to form NH4 N0 3 . 
This provides an upper limit on the amount of pure 
NH4 N03 that can be formed. A second case provides 
the lower limit on the predicted pure ammonium 
nitrate concentration by assuming that the NO:l ion is 
bound preferentially as a relatively non-volatile salt of 
Ca2+ Mg2+ K+ or Na+. A number of displacement reacti~ns -wo~ld bind nitrate in this manner, such as 
NaCl(a) + HN03 (g) --+ NaN03 (a) + HCl(g) (9) 
CaC03 (a) + 2HN0 3 (g) --+ Ca(N03 h(a) 
+H20+C02 (g), (10) 
where (a) indicates the aerosol phase. NaN03 has been 
identified in field measurements in the Los Angeles 
area (Mamane and Pueschel, 1980). In this study the 
term FREE NITRATE will be used to identify the 
fraction of the aerosol nitrate in excess of that which 
could be bound with the alkali metals or alkaline 
earths, given mathematically for this experiment as 
[FREE NITRATE] = [N03J - {2[Ca2+] 
+2[Mg2+]+[K+] +[Na+]-[CI-J} (11) 
where the brackets [ ] indicate the measured ionic 
aerosol concentration in }lmoles m - 3. The FREE 
NITRATE concentration was constrained to be 
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greater than or equal to zero. In constructing (11) it 
was assumed that the chloride ion present is found as 
sodium chloride. The HCl produced by reaction (9) 
might, in some cases, react with NH3 to form NH4 Cl, 
and thus alternative forms of (11) could be 
hypothesized. 
The choice between the two types of external 
mixtures just described has no effect on the calculated 
equilibrium dissociation constant of ammonium nit-
rate, as K is solely a function of T and r.h., but it does 
affect the calculated gas and aerosol phase pollutant 
concentrations. If pure ammonium nitrate is present 
and is at equilibrium with the gas phase, then the 
equilibrium dissociation constant should be equal to 
the observed partial pressure product of NH3 times 
HN03 to within experimental and calculation un-
certainties. If the FREE NITRATE concentration is 
zero, then ammonium nitrate may not be present, and 
the calculated dissociation constant has no bearing on 
the partial pressure of ammonia and nitric acid gas, 
except that it should act as an upper bound on the 
measured concentration product, CPo 
Given the external mixture hypotheses, the theoreti-
cally predicted partition of measured total nitrate and 
total ammonia between the aerosol and gas phases was 
computed at each monitoring site shown in Fig. lover 
each sampling interval during the period 30-31 August 
1982. Results at three locations in the basin will be 
discussed in detail: a near coastal site, Long Beach, a 
mid-basin site, Anaheim, and a far inland site, 
Rubidoux. Data on aerosol speciation at these sites are 
presented elsewhere (Russell and Cass, 1984). The 
Long Beach sampling station, which is located about 
6 km from the Pacific Ocean, experienced lower tem-
peratures (down to 18°C) and higher relative humid-
ities (l-h average above 90 %) than the inland sites. 
This led to a minimum 2-h average calculated 
NH4 N03 dissociation constant of less than 
0.75 (ppbv)2. Rubidoux, located about 60 km inland, 
was typically hotter and dryer, with peak temperatures 
above 38°C, and a correspondingly high calculated 
dissociation constant that exceeded 650 (ppbv)2 over 
one 2-h sampling interval. Comparison between 
theory and experiment thus will be discussed for 
dissociation constants varying over about three orders 
of magnitude. 
The calculated NH4 N03 dissociation constant, K, 
and the product of the measured HN03(g) and 
NH3 (g) concentrations at Anaheim are shown in 
Fig. 3. One standard error about each calculated value 
of K is given by the vertical bars, while the standard 
error of the measured concentration product is in-
dicated by tbe dashed horizontal lines. Agreement 
between the theoretical calculations and measure-
ments generally is good, especially for the second day 
when shorter sampling intervals were used. Recall that 
the calculated dissociation constant should serve as an 
upper bound on the concentration product, CPo 
In the first of the two external mixture cases 
considered, all of the aerosol nitrate is assumed to be 
present as ammonium nitrate. Given the time history 
of the computed dissociation constant, th~ measured 
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Fig. 3. Observed [HN03][NH3J concentration product and calculated dissociation 
constant of pure NH4 N03 at Anaheim, CA. No data between 0000 and 0200 on 31 
August. 
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total inorganic nitrate and total ammonia concen-
trations at Anaheim were apportioned between the 
gaseous and the aerosol phase in accordance with the 
equilibrium calculations. As seen in Figs 4(a) and (b), 
the measured gas phase concentrations are somewhat 
below those predicted, but still are in good agreement 
given the results of the uncertainty analysis. The 
calculated and measured aerosol concentrations like-
wise are in good agreement at Anaheim [Figs 4(c) and 
(d)]. Note that at a number of times (e.g. between 0800 
and 1200 hours on 30 August) no ammonium nitrate 
was predicted to be present. In this case there was not 
enough total ammonia and total nitrate to support the 
formation of pure ammonium nitrate at the prevailing 
ambient conditions. 
Moving further inland to Rubidoux, the agreement 
between the calculated K and measured CP still is 
good, with the measured CP, again, usually at or below 
the theoretical value for K during the midday (Fig. 5). 
At night the measured concentration product often lies 
slightly above K, but there is very little nitric acid vapor 
present and thus the nitric acid measurement is prone 
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to larger than usual relative error. Rubidoux is down-
wind of a . large collection of dairy farms, and ex-
periences very high ammonia and ammonium ion 
concentrations [as seen in Figs 6(b) and (d)]. Agree-
ment between measured and predicted NH3 concen· . 
trations is quite good at all times. The remaining 
predicted pollutant concentrations match obser-
vations at most times, with the largest exceptions 
occurring between 1000 and 1200 hours and between 
1400 and 1600 hours on 31 August (see Fig. 6). 
At the near-coastal sites, like Long Beach and 
Lennox, the agreement between calculated dissocia-
tion constants and measured concentration products is 
very poor during the daytime (Fig. 7). The measured 
product of the concentrations of nitric acid vapor and 
ammonia falls significantly below that expected if the 
gas phase material were in equilibrium with pure 
NH4 N03. In Fig. 8, it can be seen that the lower than 
expected concentration product measured in the atmos-
phere is due mainly to lower nitric acid concentrations 
than would be expected if aerosol ammonium and 
nitrate ion concentrations were governed solely by the 
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Fig. 4. Observed and calculated pollutant concentrations at Anaheim-external mixture with all aerosol nitrate available to 
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Fig. 7. Observed [HN03J [NH3J concentration product and calculated dissociation 
constant of pure NH4 N03 at Long Beach, CA. 
equilibrium between HN03, NH3 and NH4 N03. At a 
number of times in the afternoon of both days 
sampled, the total nitrate and total ammonia concen-
trations fall below the level needed to form any 
ammonium nitrate aerosol, as seen in Figs 8(c) and (d). 
Nevertheless, measurable nitrate and ammonium ion 
concentrations were observed in the aerosol phase 
during both afternoons (Fig. 8). The likely explanation 
is that pure ammonium nitrate is not present, but that 
other nitrate and ammonium containing species are 
formed. In this case, the second external mixture 
hypothesis will be examined to determine whether part 
(if not all) of the nitrate could be bound as a relatively 
non-volatile salt. 
The amount of nitrate ion present at each monitor-
ing site in excess of that that could be bound with Na +, 
Ca 2 +, Mg2 + and K + was determined. This excess 
NO.3 ion, called FREE NITRATE, is defined in (11). 
The HN03, NH3, NH4 N03 equilibrium calculations 
then were repeated assuming that only the FREE 
NITRA TE plus an equal amount of ammonium ion 
was available to equilibrate with the gas phase. Results 
obtained under this hypothesis at Long Beach are 
shown in Fig. 9. In 15 of the 18 sampling periods, no 
NH4 N03 formation would be predicted and indeed 
no FREE NITRATE was present. At a sixteenth 
sampling interval NH4 N03 is predicted to be present, 
and the predicted NO.3 level matches the observed 
FREE NITRATE almost exactly. Two of the 18 
observations still show that FREE NITRATE was 
present at times when the [NH3J [HN03J concen-
tration product was too low to form pure NH4 N03 . 
Results at the remaining monitoring sites are similar 
to those at Long Beach. The great majority of the 
occasions where nitrate aerosol is observed at NH3 and 
HN03 concentrations too low to form pure NH4 N03 
occur when the aerosol composition is consistent with 
the presence of nitrate species other than ammonium 
nitrate. This is illustrated in Fig. 10. Figures lO(a) and 
(b) show the NH3 and HN03 concentrations predicted 
at all stations under the first external mixture hypo-
thesis (that all aerosol nitrate is speciated as NH4 N03 ). 
A large number of the theoretically calculated HN03 
concentrations exceed the field observations in that case, 
indicating that more inorganic nitrate should have 
been found in the gas phase. When the second external 
mixture hypothesis is imposed (e.g. some nitrate 
speciated as NaN03 , Ca(N03h and other non-volatile 
salts) then the number of outlying data points is 
reduced to about 10 0 0 of the 180 total observations, as 
shown in Fig. 1O(d). Agreement between observed and 
predicted NH 3 gaseous concentrations is fairly good at 
all times under both external mixture hypotheses, as 
seen in Figs 10(a) and (c). This is because gaseous NH3 
is present in such excess that transfer ofNH; ion from 
the aerosol into the gas phase will not change gaseous 
NH3 levels greatly. 
INTERNAL MIXTURE 
The aerosol observed at each sampling site could be 
idealized as a pure internal mixture. In this case each 
aerosol particle would contain a variety of anions and 
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Fig. 8. Observed and calculated pollutant concentrations at Long Beach-external mixture with all aerosol nitrate available to 
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cations in direct proportion to their ionic abundance in 
the bulk filter sample. For the conditions observed 
during this experiment, such an internally mixed 
aerosol would be much more complex than the mixed 
sulfate, nitrate and ammonium containing aerosols 
that can be handled by present theoretical models that 
describe the equilibrium between aerosol and gas 
phase constituents. If a complete set of thermodynamic 
data for the species possible in a highly concentrated 
mixed NHt, Na+ ,Ca2+, Mg2+,K +, NO), SO~- ,Cl-
system existed, which it does not, then a general 
purpose Gibbs free energy minimization technique 
could provide predictions. Such a technique has been 
used successfully for the sulfate/nitrate/ammonium 
system (Bassett and Seinfeld, 1983), Data from the 
present study can be used to test the predictions of such 
a complete model once the thermodynamic data for 
the full system become available. Lacking the thermo-
dynamic data at present, no attempt will be made to 
model a purely internal mixture at this time, 
SIZE-SEGREGATED INTERNAL MIXTURE 
Chemically resolved size distribution measurements 
show that most of the atmospheric aerosol sulfate and 
ammonium, and much of the nitrate, is found in a fine 
particle accumulation mode (dp ~ 2.5 Jlm), reflecting 
that they are formed by a gas to particle conversion 
process. Sea salt, soil dust and other mechanically 
generated aerosols typically are found in a coarse 
particle mode (dp > 2.5 Jlm). Any nitrate aerosol 
formed by reaction of nitric acid with sea salt or soil 
dust likewise would be concentrated in the coarse 
particle mode. To capture these characteristics of the 
atmospheric aerosol, a size-segregated internal mix-
ture hypothesis was tested. The aerosol was assumed to 
exist in two size fractions for computational purposes. 
The large particle fraction was taken to be composed 
of the sea salt and soil dust derived material (all Na + , 
Ca 2 +, Mg2 + , K + , CI- and enough NO) to achieve a 
charge balance) and the fine particle fraction was 
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assumed to contain the sulfate, ammonium and FREE 
NITRATE in the form of an internally mixed aerosol. 
Again, the resulting aerosol may be aqueous or solid, 
for which the calculation methods of Stelson and 
Seinfeld (l982a, c) and Saxena et al. (1983) will be used, 
as described previously. Both Fig. 2 and Equation (7) 
indicate that addition of ammonium sulfate to the 
internal mixture lowers the resulting vapor pressures 
in equilibrium with the aerosol phase below the levels 
observed when pure NH .. N03 is present. Thus the size 
segregated internal mixture hypothesis acts in the 
direction needed to account for the few cases in Fig. 
lO(d) where HN03 concentrations are found to be 
lower than would be expected in equilibrium with 
NH .. N03 alone. 
A difficulty arises when considering the size-
segregated internal mixture case if no FREE 
NITRATE is present. Ifno ammonium nitrate is mixed 
with the sulfate, the predicted CP goes to zero. At any 
time when this occurs in the presence of a significant 
concentration product of ammonia and nitric acid, it will 
be assumed that the size-segregated internal mixture 
idealization for the distribution of nitrates between 
fine and coarse particles is inappropriate. There must 
have been some nitrate aerosol not bound in a non-
volatile form even though ion balance considerations 
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show that all nitrates might have been speciated as 
non-volatile coarse particle material. No theoretical 
calculations will be attempted in those cases where the 
underlying assumption about particle composition is 
untenable. 
The concentration product of HN03 and NH3 
calculated for the size-segregated internal mixture case 
is compared to ambient measurements at Upland in 
Fig. 11 and Long Beach in Table 1. Concentration 
products that would be predicted for the case of 
equilibrium with pure NH4 N03 also are shown. At 
Upland, the aerosol is predicted to be aqueous from 
0000 to 0800 and from 2000 to 2400 on 30 August and 
between 0000 and 0800 on 31 August. The remainder 
of the time, the aerosol was predicted to be in the solid 
phase. Results shown in Fig. 11 (b), when the aerosol is 
solid, are those obtained by the method of Saxena et al. 
(1983). Alternatively, if the solid mixed salt consists of a 
heterogeneous mix of solid phases, such as NH4N03 
and 3NH4N03 · (NH4hS04' then the C P could be as 
high as for NH4N03 shown in Fig. 11(a). At Upland 
the observed and computed concentration products 
shown in Fig. ll(b) are in better agreement with the 
size segregated internal mixture case than with the pure 
external mixture hypothesis in five of the cases, particu-
larly those cases with the higher concentration products. 
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In the three cases where improvement is not noted, the 
absolute value of the discrepancy is only 1 or 2 (ppbv)2. 
At Long Beach, the size-segregated internal mixture 
hypothesis brings the aqueous phase observation into 
almost complete agreement between computed and 
observed concentration products. 
CONCLUSIONS 
In theory, the equilibrium dissociation constant for 
NH4N03 should place an upper limit on the product 
of the NH3 and HN03 concentrations in the atmos-
phere. In most cases the [NH3J [HN03] concen-
tration product measured during this experiment in-
deed is found to be less than or equal to the calculated 
dissociation constant of pure NH4N03 at the prevail-
ing conditions. At inland sites like Anaheim and 
Rubidoux, the assumption that NH3 and HN03 are in 
equilibrium with pure NH4N03 yields agreement 
between predicted and measured gas and aerosol phase 
pollutant concentrations that is qualitatively and, in 
most cases, quantitatively quite good. At other sites, 
particularly near the coast, the measured CP and 
HN03 concentrations fall well below those predicted 
if pure ammonium nitrate is present. A majority of 
those measurements can be explained by the hypo-
thesis that some nitrate is bound in large particles by 
the reaction of nitric acid with sea salt or soil dust If 
the aerosol is assumed to exist as a size-segregated 
internal mixture with nitrates distributed on the basis 
of ion balance considerations between non-volatile 
coarse particle material and fine particles containing 
NH:, SO~ - and NO), then further improvement is 
obtained between observed and predicted 
[NH3] [HN03] concentration products. 
The results of this study hold important impli-
cations for the construction and use of mathematical 
models for the formation and transport of nitrate-
containing aerosols. First, in the vast majority of cases, 
measured pollutant concentrations are consistent with 
computations based on equilibrium between the gas 
phase and aerosol phase species, to within our present 
ability to supply the necessary data for the calculations. 
Given a model like that of Russell et al. (1983) which 
can compute HN03 and NH3 concentrations from 
emissions plus gas phase kinetics, in principle it is 
possible to predict the amount of aerosol nitrate 
formed. The simplest treatment, that of pure NH4N03 
formation, will work welI at some monitoring sites, but 
it is not universally applicable. A knowledge of the 
speciation of the co-existing non-nitrate ionic material 
in the aerosol phase is needed if accurate aerosol 
nitrate concentration predictions are to be made. A 
formidable problem is faced if that co-existing aerosol 
concentration and composition also must be com-
puted from emissions data. 
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VERIFICATION O~ A MATHEMATICAL MODEL FOR 
AEROSOL NITRATE AND NITRIC ACID FORMATION AND 
ITS USE FOR CONTROL MEASURE EVALUATION 
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Abstract-A mathematical model for the formation ofatmospheric nitric acid and aerosol nitrate has been 
developed and employed to study the effect of emission controls. Based on a Lagrangian formulation of the 
atmospheric diffusion equation, the model computes nitric acid concentrations from a description of daytime 
photochemical reactions and night-time reactions involving N03 and N 20 S' Ammonium nitrate formation 
is computed at a thermodynamic equilibrium between HN03 and NH3, and heterogeneous reactions 
between HN03 and preexisting aerosol are considered. The accuracy of the air quality model's predictions is 
verified by comparison to °3, N02, HN03, NH3, aerosol nitrate and PAN measurements made for this 
purpose in California's South Coast Air Basin during the period of 30-31 August 1982. 
Examination of emission control alternatives shows that reduction in NOz emissions yields a nearly 
proportional decrease in total inorganic nitrate levels (HN03 + aerosol nitrates). Reduction in NH3 
emissions suppresses aerosol nitrate formation, resulting in higher HN03 levels. Control of organic species 
emissions by the amounts expected in Los Angeles in future years causes a partial shift away from PAN 
formation toward greater production ofHN03. Emission control strategies can be formulated that include a 
combination of controls on NO", organic gases and NH3 emissions that will achieve a greater reduction in 
HNO 3, aerosol nitrate and 0 3 levels than a strategy predicated on control of only a single precursor species. 
Key word index: Ammonia, dinitrogen pentoxide (N20 S), hydrocarbons, nitrate aerowl, nitrate radical 
(N03), nitric acid, nitrogen dioxide, ozone, peroxyacetyl nitrate, photochemical modeling, emission control. 
1. INTRODUCTION 
Anthropogenic emissions of NO" and reactive organic 
gases (ROG) are the recognized precursors for a 
number of pollutants found in the atmosphere includ-
ing 0 3, N02, HN03 and aerosol nitrate (AN). 
Emission control measures are being taken to reduce 
the formation of 0 3 and N02 in areas with excessive 
concentrations. These control programs are expensive, 
and the most effective strategies to reduce 0 3 and N02 
concentrations (Pitts et ai., 1983; Chock et ai., 1981, 
1983; Glasson, 1981, 1983) are still in question. A key 
problem faced when selecting between alternative 
control programs is that the decisions made will also 
affect the concentrations of a number of currently 
unregulated but potentially damaging co-pollutants, in 
particular HN03 and AN. HN03 production results 
in deposition of strong acids at the earth's surface. 
HN03 also reacts with NH3 and preexisting par-
ticulate matter in the atmosphere to produce fine AN 
which is very effective in reducing visibility. 
The purpose of the present study is to develop and 
test engineering methods for predicting the effect of 
ROG, NO .. and NH3 control programs on atmos-
pheric HN03, 0 3 and AN concentrations. A photo-
chemical trajectory model that predicts 0 3, NOl , total 
,. Department of Mechanical Engineering. 
tEnvironmental Engineering Science Department. 
inorganic nitrate (TN), AN, HN03, NH3 and PAN 
concentrations from emissions data is tested for its 
ability to reproduce field experimental data. Following 
this evaluation, the air quality model is used to 
determine the effect that reducing the emissions of 
ROG, NO .. and NH3 has on 0 3, PAN, HN03, NH3 
and AN concentrations. Example calculations are 
presented for Rubidoux, near Riverside, CA, which 
experiences some of the most serious nitrate-induced 
fine particulate loading and visibility problems in the 
U.S. 
1. MODEL DESCRIPTION 
Results presented in this paper were obtained using 
a Lagrangian trajectory formulation of the atmos-
pheric diffusion equation that describes atmospheric 
chemical reactions, turbulent vertical diffusion, hori-
zontal advective transport, and ground level pollutant 
deposition. Within the chemical mechanism the con-
centration of ammonium nitrate aerosol is computed 
to be at thermodynamic equilibrium with NH3 and 
HN03 vapor, and where noted, the heterogeneous 
formation of AN from the reaction of HN03 with 
preexisting aerosol is treated. Except for the following 
specific details, a complete description of the gas phase 
model appears elsewhere (Russell et al., 1983, 1985), 
and it will not be described further here. 
2011 
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Reaction 58, describing the interaction between 
preexisting aerosol and HN0 3, has been added to the 
previously described version of this model in order to 
simulate the stripping of atmospheric HN03 by 
certain aerosols, such as sea salt, 
SINK + HN03 :.: BAN 
where SINK is that portion of the aerosol material 
available to react with HN03 and BAN is irreversibly 
Bound Aerosol Nitrate. This is a generalized reaction 
that includes a variety of specific chemical reactions, 
such as the displacement reaction 
NaCI (s or aq) + HN03 (g) --+ NaN03 (s or aq) 
+ HCJ(g) 
which is thermodynamically favorable, and is sug-
gested by the excess of Na + ions in comparison to the 
Cl- ions in many atmospheric aerosol samples 
(Russell and Cass, 1984; Duce, 1969; Martens et 01., 
1973). The rate constant for this reaction is derived 
from kinetic theory for the bombardment of the 
"aerosol surface by HN03 vapor. Aerosol surface area 
per unit mass is computed from the size distribution of 
Larson et 01. (1984), which was obtained on a moder-
ately smoggy August day in California's South Coast 
Air Basin (SoCAB). Collision efficiencies for the 
reactions between gases and atmospheric aerosol sur-
faces vary with aerosol surface characteristics and 
composition and are not known for all the relevant 
combinations of reactive gases and aerosols. Baldwin 
and Golden (1979) measured a value of 2.4 x 10-4 as 
the lower bound on the collision efficiency of HN03 
with an H2S04 surface. With this in mind, a collision 
efficiency of 0.001 was assumed for the reaction of 
HN03 vapor with the SINK aerosol surface. 
In this study, the height of the air column modeled is 
1000 m, divided into 10 cells with vertical dimensions 
of 30,50, 70, five 100, 150 and 200 m. The emissions 
inventory, meteorological fields and terrain charac-
teristics are developed on a grid system containing 
5 km by 5 km cells, so the horizontal dimensions of the 
air parcels studied are set to the same size as a single 
grid cell. 
3. MODEL EVALUATION DATA BASE 
3.1. Pollutant concentrations 
Model evaluation tests will be conducted using a 
number of air parcel trajectories that cross the SoCAB 
(Fig. 1) on 30-31 August 1982 During this 2-day 
period an experiment was conducted to acquire a set of 
data for use in verifying this type of photochemical air 
quality model (Russell and Cass, 1984). That set of 
experimental data includes observations on AN, sul-
fate, ammonium and other ionic species concen-
trations, as well as gas phase NH3, HN03 and PAN 
levels. Gas phase concentrations of total hydrocarbons 
(THC), CO, NO, NO" and 0 3 for this time period were 
obtained from South Coast Air Quality Management 
District (SCAQMD) and California Air Resources 
Board (CARB) monitoring stations that are colceated 
with the aerosol monitoring sites. PAN concentrations 
were measured at the University of California, 
Riverside (UCR) and at Cal tech in Pasadena, CA. 
3.2. Hourly meteorological data 
Wind fields for the 2-day period of interest were 
obtained using measured wind velocities at 39 sites in 
the SoCAB. These wind data were interpolated over 
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Fig. L Gridded map of California's South Coast Air Basin (SoCAS) used for constructing concentration fields, 
meteorological fields, and emissions inventories. Symbols (e) indicate the locations of aerosol measurement stations 
used in this work. The solid line marks the boundary of the SoCAS. 
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the 80 x 30 grid of 25 km2 cells superimposed over the 
air basin using the r- 2 weighting method detailed by 
Goodin et al. (1979). Air parcel trajectories were 
calculated from these wind fields using 10-min time 
steps. Hourly average temperature and relative hu-
midity fields were obtained by interpolation between 
the 29 and 18 locations at which these parameters are 
measured, respectively. Hourly average mixing depth 
fields were obtained from the measured vertical atmos-
pheric temperature profiles available at eight locations. 
Solar radiation levels measured at central Los Angeles, 
Pasadena, and Upland were used to set the photolysis 
rate constants within the chemical mechanism. 
3.3. Emissions 
NO", total hydrocarbon (THC) and CO emissions 
into the air parcels modeled are calculated from a 1982 
forecast emission inventory for the SoCAB provided 
by the California Air Resources Board (Ranzieri, 1983, 
1984). The inventory details the emissions, by species, 
from over 2600 source categories distributed spatially 
and temporally over the basin. Hourly emission rates 
are given for over 200 organic species, NO, N02 and 
CO for each of the 5 km x 5 km grid cells throughout 
the SoCAB. A summary of the daily totals of the 
emissions from mobile and stationary sources is given 
in Table 1. The spatial distributions of the THC, NO .. 
and CO emissions are shown in Fig. 2. Emission rates 
given for the individual organic gas species are lumped 
into the six organic classes compatible with the model 
used in this study. 
The NH3 emissions inventory for 1982 used in this 
study was developed by updating the 1974 emissions 
inventory previously described by Cass et al. (1982) 
and Russell et al. (1983). Total NH3 emissions by 
source category are shown in Table 2, and the spatial 
distribution of NH3 emissions is given in Fig. 2. 
Variables that affect NH3 emissions from animal waste 
decomposition have been investigated by Muck and 
Steenhuis (1982) and Steenhuis et al. (1982). Based on 
their work, the diurnal variation of the NH3 release 
Table 1. 1982 estimated emissions within the modeling region shown in Fig. 1 
Source type 
Stationary sources 
Fuel combustion 
External combustion boilers 
Utilities 
Industrial 
Commercial and institutional 
Internal combustion engines 
Utilities 
Industrial 
Petroleum refining 
and production 
Other manufacturing 
Residential, agricultural 
and other 
Subtotal fuel combustion 
Waste burning and 
incineration 
Landfill 
Solvent use 
Surface coating 
Other 
Petroleum processes, 
storage and transfer 
Industrial processes 
Miscellaneous 
Subtotal stationary sources 
Motor vehicle emissions 
On-road vehicles 
Off-road vehicles 
Railroads 
Ships 
Aircraft 
Subtotal motor vehicle emissions 
Total 
THe 
tons/day 
6.7 
3.0 
0.1 
4.5 
25.1 
2.8 
3.1 
16.9 
62.2 
0.09 
777.9 
195.4 
161.8 
99.9 
26.1 
440.0 
1763.4 
581.4 
26.8 
3.8 
22.2 
18.1 
6523 
2415.7 
Emission rate 
NO" 
tons/day 
97.7 
41.0 
3.6 
8.4 
58.1 
35.3 
39.5 
53.3 
336.9 
0.4 
0.0 
1.9 
0.2 
11.3 
2.6 
3.8 
357.1 
662.5 
67.1 
15.3 
16.0 
16.3 
777.2 
1134.3 
CO 
tons/day 
8.2 
7.1 
0.Q3 
3.0 
19.2 
1.1 
181.3 
127.1 
347.0 
0.3 
0.0 
0.4 
0.03 
13.6 
18.1 
118.6 
498.0 
5001.9 
172.6 
5.8 
88.6 
84.5 
5353.4 
5851.4 
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rate from animal waste decomposition is assumed to 
depend on temperature and wind velocity, such that: 
( 1; -273) 
and 
Ej CC 2.36 --w- Vp·8 A 
(1) (2) 
where 4 is the hourJy emission rate in the grid ceU at 
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3.4. Initial conditions hour i from animal waste decomposition, A is the daily 
total emission rate of NH3 from animal waste in the 
grid cell, 7; is the absolute temperature in K, and J'i is 
the wind velocity in m s -1 at hour i. A minimum wind 
velocity of 0.1 m s - 1 is assumed. 
Surface level initial conditions for trajectories 
ending at Rubidoux were based on the concentration 
fields constructed by spatial interpolation of the 
Table 2. Summary of ammonia emissions by source category within the 
modeling region shown in Fig. 1 
Total emissions 
Source category (tons day" I) 
Stationary fuel combustion 
Electric utility 
Natural gas 1.2 
Residual oil 0.38 
Digester gas 0.00 
Refinery fuel burning 
Natural gas 0.12 
Residual oil 0,015 
Refinery gas 0.39 
Industrial fuel burning 
Natural gas 0.47 
Liquified petroleum gas (LPG) 0.008 
Residual oil 0.022 
Distillate oil 0.12 
Digester gas 0.026 
Coke oven gas 0.015 
Residential/commercial fuel burning 
Natural gas 0.21 
Liquid petroleum gas (LPG) 0.004 
Residual oil 0.085 
Distillate oil 0.079 
Coal 0.023 
.. ··Subtotals· ... 3.2 (1.9%) 
Mobile source fuel combustion 
Automobiles 
Catalyst autos and light trucks 2.4 
Non-catalyst autos and light trucks 0.48 
Diesel autos and light trucks 0.004 
Catalyst medium vehicles 0.23 
Non-catalyst medium and heavy trucks 0.14 
Diesel trucks 0.023 
LPG for carburetion 0.007 
Civilian aircraft 
Jet 0.007 
Piston 0.002 
Shipping 
Residual oil boilers 0.068 
Diesel ships 0.002 
Railroad-diesel oil 0.004 
Military 
Gasoline 0.005 
Diesel 0.002 
Jet fuel 0.002 
Residual oil 0.001 
Off-highway vehicles 0.006 
• .. ·Subtotals··· 3.4 (2.0%) 
Industrial point sources 2.4 (1.5%) 
Sewage treatment plants 14.6 (8.9%) 
Soil surface 23.8 (14.5 %) 
Fertilizer 
Farm crop 2.0 
Orchards 1.6 
Handling 0.4 
Non-farm 4.8 
• .. ·Subtotals .. • .. 8.8 (5.4%) 
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Table 2. (Comd.) 
Source category 
Livestock 
Cattle 
Dairy 
Feedlot 
Range 
Horses 
Sheep 
Hogs 
Chickens 
Turkeys 
Domestic 
Dogs 
Cats 
• .... Subtotals··· 
Human respiration 
Human perspiration 
Household ammonia use 
...... Subtotals .... 
•• .. Total· .. • 
measured concentrations. Those concentration fields 
start with the Pacific Ocean background values (in 
ppb: 0 3, 40; N02, 10; NO, 10; CO, 100; HN03 , 1; NH3, 
1; THC, 1000) at the western edge of the grid and rise to 
match the on-land data at the near coastal monitoring 
sites established during the field experiment. Initial 
upper level pollutant concentrations over the ocean 
were set to (in ppb): 0 3,40; NO, 0.0; N02, 1.0; CO, 500; 
HN03 , 1.0; NH3, 1.0; and THC, 500. Initial NH4 N03 
concentrations over the ocean were set to 3.25 JIg m - 3 
(the NO; equivalent of 1 ppb HN03 ). 
Atmospheric THC measurements taken by the 
SCAQMD are reported on a ppm C atoms basis and 
are not speciated into the many different organic gases 
actually present. The initial conditions for each of the 
six hydrocarbon (HC) classes employed by the trajec-
tory model are found by splitting the measured THC 
values into the six classes using the set of splitting 
factors given in Table 3. These factors were derived 
Table 3. Splitting factors for converting 
total measured hydrocarbons (ppmC) into 
hydrocarbon classes for use as initial 
conditions 
Class Factor 
HCHO 0.0037 
RCHO 0.0033 
OLE 0.0042 
ALK 0.0675 
ARO 0.0177 
C2H4 0.0061 
For example, the initial HCHO concen-
tration equals 0.0037 x THC measured in 
ppmC. The splitting factors above incor-
porate the conversion from total hydro-
carbons given in ppmC to molecular con-
centrations in ppmV. 
Total emissions 
(tons day -\) 
29.8 
7.2 
13.6 
16.2 
0.86 
0.26 
16.4 
0.49 
84.8 
11.6 
3.5 
0.046 
7.6 
0.57 
23.3 
164.3 
(51.6 %) 
(14.2%) 
(100%) 
from the measurements taken by Grosjean and Fung 
(1984) of the speciated H C composition of Los Angeles 
air, averaged over a number of sampling periods. 
4. MODEL EVALUATION FOR »-31 AUGUST 1982 
The ability to accurately predict 0 3 and N02 
concentrations usually is the most stringent test used 
to evaluate a gas phase photochemical model. In this 
study, the ability to calculate total inorganic nitrate 
(TN), HN03, NH3, AN and PAN will be tested in 
addition to 0 3 and N02 • 
Progress towards model verification for a few of 
these co-pollutants was reported by Russell et al. 
(1983), when an earlier version of this model was tested 
using nitrate ion, ammonium ion and NH3 gas concen-
tration data available for a short period on 28 June 
1974. Model verification data used during that study 
were limited, and because the AN samples were 
collected on glass fiber filters, questions of artifact 
nitrate formation cloud the assessment of data quality. 
In this section a much more extensive model evaluation 
effort is carried out for the 2-day period of 30--31 
August 1982. 
Two sets of trajectories are studied in this evalu-
ation: a forward trajectory starting at Long Beach and 
ending near Rubidoux, and a set of trajectories ending 
at Rubidoux throughout 31 August 1982. Rubidoux is 
in the eastern portion of the SoCAB, downwind of the 
Los Angeles metropolitan area, and is affected by the 
reaction products formed in the atmosphere down-
wind of a major city. Long-term air quality data taken 
throughout the SoCAB during 1982 (Gray et al.,1986) 
show that Rubidoux is the monitoring site with the 
highest AN levels, as has been the case historically. The 
Rubidoux-Riverside area also experienced the highest 
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total nitrate levels observed during the 30-31 August 
1982 period studied here and had the highest measured 
0 3 concentrations during this 2-day interval 
(230-260 ppb). As such, these trajectories serve as ideal 
candidates for model verification tests and can be used 
to show the effect of emission control strategies on 
pollutant concentrations. Further model verification 
was also conducted using the data from the Upland 
monitoring site, and the results are found in Russell 
(1985). 
4.1. Long Beach forward trajectory 
During a preivous examination of the data from the 
1982 field experiment (Russell and Cass, 1984), an air 
parcel trajectory was identified that started in the 
morning at the Long Beach sampling site at the time of 
the AN peak at that location, passed just north of the 
Anaheim measurement station in the afternoon, and in 
the evening terminated close to the Rubidoux site at 
the time of the AN peak in the Riverside area. This 
single trajectory provides an ideal opportunity for use 
in part of the model evaluation effort because the 
contents of the air parcel are well defined at several 
locations along its path. Likewise the initial conditions 
are established using measured pollutant concen-
trations, minimizing the uncertainty added from inter-
polating data. 
Two distinct calculation schemes were tested against 
the measurements taken along the Long Beach to 
Rubidoux trajectory just discussed. In the first calcu-
latiOri, Case 1, AN was assumed to be formed only by 
the reaction between NH3 and HN03. In the second 
test, Case'2, AN formation proceeded by the reaction 
ofHN03 with NH3, and by the irreversible reaction of 
HN03 with preexisting aerosol (reaction 58, described 
previously). Use of reaction 58 requires that emissions 
along the trajectory be specified for the aerosol 
materials that react readily with HN03. The emission 
rate of SINK aerosol available to react with HN03 
was set at a constant rate, such that the total unreacted 
SINK aerosol plus the cations associated with BAN at 
the end of the trajectory was approximately equal to 
the sum of the Na, Ca, K and Mg concentrations 
measured when the trajectory reached Rubidoux. 
Actual emission rates of these species as a function of 
location are unknown. 
Results of the Long Beach to Rubidoux forward 
trajectory calculations are shown in Table 4, along 
with the measured pollutant concentrations, at 1400 
and 1800 PDT, 31 August 1982. The trajectory passed 
nearest to Anaheim at 1400 PDT, and the measured 
HN03, NH3, AN and TN concentrations at that time 
are from that station. Measured 0 3 and N01 values at 
1400 are available from a number of monitoring sites 
in the area, and the 0 3 and N01 values shown are an 
average of the values at the three stations nearest to the 
air parcel's position at that time. As the trajectory 
passed near Anaheim at 1400, the 0 3 prediction very 
nearly equals the observed average, well within the 
uncertainty in the observed concentrations. The pre-
dieted N01 concentration, corrected to include those 
species that interfere with the measurement devices 
(Winer et al., 1974), is slightly lower than the observed. 
In both Cases 1 and 2, the predicted HN03 level is 
between the values measured for the sampling periods 
straddling 1400 PDT. The AN predicted for Case 1 is 
between the measured concentrations, while the 
amount predicted in Case 2 is slightly greater than the 
observed values. In both cases the predicted NH3 
matches the two measured values to within the 
measurement uncertainties. 
Farther downwind, at 1800 PDT, the trajectory 
path calculation showed that the air parcel was 3 km 
southwest of the Rubidoux sampling site and about 
8 kID west of the Riverside (UCR) site. Ozone, pre-
dicted to be 152 ppb, is equal within the reporting 
uncertainty of 10 ppb to that measured in Riverside 
and is slightly greater than that measured at Rubidoux. 
Again the N01 predictions are slightly below the 
measured values. In this case, the trajectory arrival at 
Rubidoux again straddles two measurement periods 
for HN03• NOi and NH3, while at the UCR site the 
1800 arrival falls within a single sampling interval. In 
both Cases 1 and 2, the predicted concentrations of 
HN03, AN and TN fall within the range of the 
observations at Rubidoux and Riverside. The pre-
dicted NH3 concentration resulting from the Case 2 
calculation also lies within the measured range. While 
the NH3 concentration prediction for Case 1 may 
appear slightly lower than that observed at DCR, the 
circa 5 ppb NH3 deficit is still within the experimental 
uncertainty of the NH3 concentration measured at 
UCR at that time (Russell and Cass, 1984). 
PAN also was measured at the VCR site, and as seen 
in Table 4, the model closely predicts the observed 
PAN concentration, which peaked at that time. From 
the results shown in Table 4, it is concluded that the 
trajectory model is capable of predicting the down-
wind concentrations of the secondary pollutants of 
interest in the Riverside area at the time of arrival of 
the peak nitrate concentrations, given measured initial 
conditions at Long Beach. 
4.2. Trajectories ending at Rubidoux 
While the Long Beach to Rubidoux trajectory 
calculation adds to confidence in the model's cap-
ability, it is unrealistic to expect that high quality data 
on initial conditions will always be available for 
arbitrarily selected trajectories. Likewise, the upper 
level pollutant concentrations needed to initialize the 
model are seldom, if ever, known. Upper level initial 
conditions must be estimated from ground level 
measurements, while pollutants stored aloft may have 
been affected by chemical processes not evident at the 
ground. This is especially true in the early morning 
because of the markedly decreased vertical mixing 
overnight that traps fresh emissions near the ground 
and isolates portions of the upper air column from 
night-time emissions and from deposition. In this case 
the ground level portion of the air mass may be heavily 
Table 4. Predicted and measured concentrations along the trajectory beginning at Long Beach, California, at 1100 (PDT), 31 August 1982 
1400 PDT 1800 PDT 
Case I Case 2 Case 1 Case 2 
predicted predicted predicted predicted 
Measured (NH4 N03 (reaction 58 Measured Measured (NH4 N03 (reaction 58 
Pollutant concentration only) included) at Rubidoux at VCR only) included) 
0 3 (ppb) 173t 174 174 130 ISO 152 152 
N02 (ppb) 70t 51* 52* 50 35* 38* 
HNOJ (ppb) 1O.l-7.7t 10.0 8.2 S.H.8t 2.0 3.3 2.5 
AN (Jlgm-JNOi") 8.H3.4t 11.6 19.9 29.8-14.2t 17.0 14.t 22.7 
TN (Jlgm-1NOi") 33.6-32.7t 36.8 40.6 43.l-18.7t 22.1 22.4 29.0 
NHl (ppb) I S.3--1O.9t 10.8 13.2 S9.8-89.0t 32.7 27.3 36.4 
PAN (ppb) I I I I 22 20.1 20.1 
NH4 N01 (Jlgm-1NOi") 11.6 6.1 14.1 11.3 
BAN§(Jlgm- 3 NOi") 13.9 11.3 
·Predicted N02 concentrations are the sum of predicted N02 , HNO:J, AN and PAN. The instruments used to measure N02 possess a quantitative 
interference due to co-pollutant species (Winer el al., 1974). 
t Both at Anaheim and at Rubidoux, the trajectory passed nearby between two sampling periods. Both the measured concentrations from 1200 to 1400 
and 1400 to 1600 are shown, respectively, at Anaheim. Likewise at Rubidoux the measured concentrations for 1600-1800 and 1800-2000 are given. The VCR 
site sampling interval was from 1700 to 1900. Predicted ozone values are I-h averages, as are the measured concentrations. 
tOzone and N02 concentrations are averaged values from the nearest three stations. Other concentrations are for Anaheim. 
§Bound Aerosol Nitrate. 
WAN measured only at VCR. 
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burdened by NO and NOz, while in the upper levels of 
the atmosphere night-time chemical reactions can 
convert almost all of the NO and NOz to HN03 
(Russell et ai., 1985). If this situation is not taken into 
account, initial conditions based on ground level 
observations could be specified that are inconsistent 
with actual pollutant concentrations several hundred 
meters above the ground. 
An alternative method for initializing trajectories 
was examined. Air parcels arriving at Rubidoux 
throughout the day of 31 August were followed 
backward to midnight at the end of 29 August. In that 
case all the trajectories begin over the ocean upwind of 
the city and end between 24 and 47 h later at the 
Rubidoux monitoring site. Use of the longer, 2-day 
trajectories has three major advantages. First, starting 
more than 24 h before the arrival of the trajectory 
allows sufficient time for most of the reactive pol-
lutants present due to initial conditions to be depleted 
from the system both by ground level deposition and 
by chemical reactions that form products less crucial to 
the formation of photochemical oxidants. Secondly, 
starting the air parcel at a relatively clean background 
location over the ocean minimizes the effect of initial 
conditions and the uncertainty in the outcome arising 
from their specification. Thus, predicted concen-
trations at the end of the trajectory are primarily a 
function of the emissions along the trajectory, not of 
initial conditions, and the mass of each species in the 
air parcel at the start of31 August is consistent with the 
known emissions, meteorology, and chemistry of 30 
August Finally, this procedure enhances the useful-
ness of subsequent control strategy calculations be-
cause predicted concentrations are dominated by 
emissions along the trajectory that can be attributed to 
particular air pollution sources rather than being 
heavily influenced by initial conditions that are not 
readily assigned to their source. This is a more 
demanding test of a model and the associated emis-
sions inventory than is the case when using shorter 
trajectories in which initial conditions playa major, if 
not dominating, role. 
In an effort to determine the importance of un-
certainties in the initial conditions, a test was per-
formed in which the initial concentrations established 
over the ocean were first doubled and then halved for 
the trajectory arriving at Rubidoux at 1600 PDT. This 
trajectory displayed the greatest predicted nitrate 
loading and second highest 0 3 concentration among 
the trajectories terminating at Rubidoux. The pre-
dicted TN concentrations at Rubidoux at 1600 PDT 
for the base case, for the case with the initial conditions 
doubled, and for the case with initial concentrations 
cut in half were 18.2, 15.5 and 20.6 ppb, respectively. 
The 0 3 concentrations averaged over the last l-h of 
travel along that trajectory were 185, 195 and 176 ppb, 
respectively. This test shows that initial conditions play 
a very small role in determining predicted pollutant 
concentrations for the multi-day trajectories studied 
here. On the other hand, if the emissions are set to zero 
along this same trajectory, the total inorganic nitrate 
predicted at Rubidoux falls to only 1.6 ppb, and 0 3 
falls to 38 ppb. Thus, the predicted pollutant levels are 
almost solely a function of emissions within the urban 
area when a reasonable set of initial conditions starting 
over the ocean is used. 
Next the air quality model's ability to reproduce the 
time history of pollutant concentrations at Rubidoux 
given trajectories that originate over the ocean was 
examined. Again the model was evaluated in two 
modes: with and without the addition of aerosol that 
can irreversibly react with HN03 to form AN. 
Plots of the pollutant concentrations predicted at 
Rubidoux for 31 August without the emission of SINK 
aerosol along the trajectories are compared to 
measured values in Figs 3-8. Ozone and NOz concen-
trations averaged over the last 1-h of travel are shown 
in Figs 3 and 4. Trajectories arriving at Rubidoux on 
the hour were used to estimate 2-h average concen-
trations when needed for comparison to measured 
values (2-h average weighted 1/4 start hour, 1/2 
midpoint, 1/4 end hour). Predicted 2-h average TN 
concentrations are shown, with the measured values, in 
Fig. 5, HNO l in Fig. 6, AN in Fig. 7, and NH3 in Fig. 8. 
A plot of the predicted and observed concentrations 
of 0 3 and N02 throughout 31 August at Rubidoux 
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Fig. 3. Observed and predicted 0 3 at Rubidoux, CA, 31 
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31 August 1982. 
shows that the model predictions are in good agree-
ment with the measured species concentrations. 
Figure 5 shows the comparison of averaged predicted 
and observed TN. The model predicts the trends and, 
approximately, the 2-h average concentrations. The 
peak predicted TN, 38 Jlgm- 3 (as NO;), is only 
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Fig. 8. Observed and predicted NH3 at Rubidoux, CA, 
31 August 1982. 
slightly less than the peak measured, 43 Jlg m - 3, which 
is considered close given measurement and model 
input uncertainties. The predicted 24-h average TN is 
19 Jlgm- 3, against a measured 18 Jlgm- 3• 
Having shown that the predicted and measured TN 
agree well, the question of apportioning the TN 
between the gas and aerosol phases arises. This is 
sensitive to the temperature, humidity and NH3 con-
centration (Russell et aI., 1983), and to the presence of 
other aerosol constituents (Hildemann et aI., 1984). In 
the first case studied here, pure NH4 N03 is assumed to 
be the only AN species formed. Most of the inorganic 
nitrate is predicted to be found in the aerosol phase, 
not the gas phase, and the measurements confirm that 
prediction (Fig. 6). The measured and predicted 24-h 
average AN concentrations were 13 and 16Jlgm- 3, 
respectively (Fig. 7). Measured gas phase HN03 levels 
in this case exceed observed values throughout the day 
(Fig. 6), but the absolute magnitude of this discrepancy 
is very small. The measured 24-h average HN03 was 
1.9 ppb compared to the predicted 1.1 ppb. Measure-
ment uncertainties on the HN03 values are ap-
proximately O.4ppb (one standard error). 
A plot comparing the NH3 concentrations (Fig. 8) 
indicates that throughout much of the day the predic-
tions agree remarkably well with the measurements, 
considering that the NH3 emission inventory and 
model used here represent the first test of a procedure 
for calculating atmospheric NH3 levels. The 24-h 
average NH3 measured was 51 ppb, compared to the 
predicted 61 ppb. 
In the trajectories terminating at Rubidoux, most of 
the NH3 emissions are due to livestock operations, 
which determine the very tall spike in the NH3 
emission inventory (Fig. 2) located immediately 
upwind of Rubidoux. The major peak in the NH3 
emission inventory is so sharp that a slight perturb-
ation in the calculated path of an air parcel can create a . 
noticeable difference in the predicted NH3 concentra-
tions. Also, knowledge Of the diurnal emission pattern 
for livestock waste decomposition and the exact spatial 
distribution of the animals during the August 1982 
experiment could be improved. As a result, NH3 
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concentrations cannot be predicted with the same 
precision as other pollutant concentrations, even 
though the source of the NH3 emissions has been 
identified with reasonable certainty. 
In view of the sensitivity of the model's nitrate 
predictions to NH3 concentration and temperature 
and of the uncertainty in the NH3 emissions from the 
large sources just upwind of Rubidoux, a second set of 
calculations was performed in which TN concentra-
tions predicted by the model were apportioned be-
tween gas phase HN03 and aerosol N14N03 using 
the ambient NH3 concentrations and temperatures 
measured at Rubidoux. The temperatures at Rubidoux 
used in the previous modeling calculations were ob-
tained from filtered, interpolated temperature field 
values calculated for the center of each grid cell and 
need not equal the measured temperatures at 
Rubidoux exactly. Using the measured ambient tem-
perature and NH3 concentration to partition the 
nitrate at the trajectory endpoint improved the model 
predictions from those shown in Fig. 7 to those shown 
in Fig. 9. Thus, given the ability to predict more 
precisely the NH3 concentrations and using actual 
measured temperatures, the model can accurately 
partition the inorganic nitrate at Rubidoux between 
the vapor and aerosol phases. This calculation also 
decreases the predicted 24-h average AN from 
16jlgm- 3 to 12jlgm-3, bracketing the measured 
value of 13 jlgm- 3. 
Next the emissions of SINK aerosol were added 
along each trajectory at a ~onstant rate needed to 
approximately match the total non-ammonium 
cationic material seen to arrive at Rubidoux. The entire 
set of multi-day trajectory calculations beginning over 
the ocean was repeated with HN03 allowed to react 
with SINK aerosol by reaction 58, and again using the 
measured ambient temperature and NH3 concentration 
at Rubidoux to apportion TN between HN03 and 
the aerosol phase. This change in assumptions tends to 
increase the AN and TN concentrations predicted, 
though in this case the effect is small. As seen in Fig. 10, 
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the 24-h average AN increases to 18.4 jlg m - 3, of which 
84 % is ammonium nitrate and the remaining 16 ~~ is 
BAN. The model predicts the coexistence of am-
monium nitrate, BAN, HN03, NH3 and unreacted 
aerosol SINK, indicating that the consumption of 
aerosol SINK is kinetically limited. Given more time, 
or if the collision efficiency for HN03 on SINK 
aerosol is much higher than 0( = 0.001, then the aerosol 
has the capacity to strip a large fraction, if not al~ of the 
HN03 frQm the atmosphere. 
In this study, results from shorter (single day) and 
longer (multi-day) trajectories have been used to 
evaluate the model's performance. In both cases the 
model has performed well. Some uncertainty in the air 
parcel path is added to the analysis' when trajectory 
paths are calculated over multi-day periods, as dis-
cussed in Russell (1985). However, this is the only way 
to decrease the uncertainties that would otherwise 
arise from misspecifying initial conditions and to 
accurately show the effects that changing pollutant 
emissions would have on the resulting concentrations. 
If initial conditions dominate or greatly affect the 
predicted concentrations, a change in emissions within 
the model may have little effect on model predictions, 
or in some cases could produce predictions that move 
in a direction opposite to reality. An example of the 
latter case could arise if initial conditions placed an 
excessive amount of NO % in the air parcel as it starts in 
the morning. In this case increasing NO emissions 
could further decrease the peak 0 3 concentration, 
while if the correct initial NO% concentrations were 
used, then the atmosphere might be sufficiently starved 
for NO% that further NO% emissions would increase 
predicted 0 3 levels. 
The use of multi-day trajectories could suffer from 
the effects of vertical wind shear, .on this 
particular occasion it appears that these effects were 
small. Upper level wind data were collected at a 
number of sites. At Point Mugu where the early 
morning winds were measured at 419 PDT, the winds 
varied little in direction (less than 10°) with height. 
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Upper level velocities were also low, less than 
2.5 m s - 1, to well above the height of the modeling 
region. In the eastern portion of the basin. the early. 
morning measurement taken at 300 PDT showed that 
the difference in velocity between the ground and levels 
up to 188 m was less than 1 m s - 1 with direction 
varying no more than 25°; 188m is greater than the 
depth of the early morning mixed layer trapping the 
pollutants emitted at ground level. 
The above discussion, along with the successful 
model evaluation results, argues that multi-day trajec-
tories can, and should, be used for testing the effects of 
emission control measures. 
5. EVALUATION OF CONTROL STRATEGIES 
FOR UNO, AND AEROSOL NITRATE ABATEMENT 
To help guide researchers and public agencies 
toward an optimal control strategy, the effects of a 
number of simple candidate control strategies are 
simulated and the results will now be discussed. The 
study is directed primarily towards developing stra-
tegies that will reduce AN and HN03 concentrations 
in the atmosphere, but the effect on pollutants other 
than HN03 and AN will also be detailed. As discussed 
above, because of the high nitrate and 0 3 concen-
trations the Rubidoux trajectories were chosen for 
emission control measure evaluation. 
Choice of the first set of control measures examined 
was motivated by the 1982 Air Quality Management 
Plan (AQMP) for the SoCAB (SCAQMD and 
Southern California Association of Governments, 
1982). The AQMP outlines control measures that will 
be used to decrease NO" emissions by about 23 ~~ and 
ROG by about 34 % between the years 1979 and 1987, 
or about a 20 % and 30 % decrease, respectively, below 
the 1982 estimated emissions inventory used in the 
present study. For the purpose of this study, these 
reductions will be applied homogeneously over the air 
basin and will be applied equally to emissions of each 
of the lumped organic species. In a more detailed 
analysis, the original emissions inventory could be 
modified to reflect the specific reductions in each 
source category. This would result in a less spatially 
Table 5. Effect of emission reductions on nitrate species concentrations, Rubidoux, CA, 31 August 1982 
Aerosol nitrate maximum 2-h average (JIg m - 3) 
Base case THC THC emissions reduced 30% 
NO" emissions reduction NO. emissions reduction 
0% . 20% 40% 60% 80% 0% 20% 
B~e case NH3 
emissions 27,0 16.3 11.7 8.3 3.4 31.2 19.5 
Reduced NHJ 
emissions 7.2 6.4 7.0 6.3 
Aerosol nitrate 24-h average (JIg m - J) 
Base case THC THC emissions reduced 30 % 
NO. emissions reduction NO. emissions reduction 
0% 20% 40% 60% 80% 0% 20% 
Base case NHJ 
emissions 11.5 8.4 4.8 2.7 1.1 13.3 9.0 
Reduced NH) 
emissions 2.8 1.8 2.8 1.8 
Total nitrate 24-h average (Jlgm- J ) 
Base case THC THC emissions reduced 30 % 
NO. emissions reduction NO. emissions reduction 
0% 20% 40% 60% 80% 0% 20% 
Base case 
NH3 emissions 18.6 15.4 10.3 6.8 4.0 21.2 15.9 
Reduced NHJ 
emissions 16.1 13.1 16.9 13.1 
Nitric acid maximum 2-h average (ppb) 
Base case THC THC emissions reduced 30 % 
NO. emissions reduction NO. emissions reduction 
0% 20% 40% 60% 80% 0% 20% 
Base case 
NH3 emissions 9.6 7.9 5.9 4.1 2.6 10.1 8.0 
Reduced NHJ 
emissions 16.9 13.2 18.8 14.2 
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homogeneous reduction and could change the relative 
chemical composition of the organic emissions. 
Table 5 shows the effects on the inorganic nitrate 
species of different combinations of emission reduc-
tions applied to the multi-day trajectories ending at 
Rubidoux. Pollutant emissions into these trajectories 
as they actually occurred on 31 August 1982 will be 
referred to as the base case emissions, and the observed 
NH3 concentration and temperature at Rubidoux are 
used to apportion total inorganic nitrate between 
HN03 and AN. Results in Table 5 are for the case 
without the addition of SINK aerosol to react with 
HN03• The effect of including the addition of SINK 
via reaction 58 on various control measures will be 
discussed later. Predicted maximum 2-h average AN, 
24-h average AN, 24-h average TN and maximum 2-h 
HN03 are given in each case for comparison. 
A 20 % decrease in the NO" emissions alone relative 
to the base case decreases the predicted maximum AN 
40 ~~, and the 24-h average AN value decreases 27 %. 
TN decreases about 18 %. or by about the same 
percentage as the decrease in NO" emissions. Less 
change is noted in the predicted HN03• This occurs 
because HN03 concentrations are largely governed by 
the NH4N03 equilibrium dissociation constant and 
the ambient NH3 concentrations. The excess of NH3 
tends to allow oniy a smail amount of HN03 in the gas 
phase while the rest of the inorganic nitrate is trans-
ferred into the aerosol ph~se. Elsewhere in the air 
basin, NH3 levels are much lower and a change in TN 
would be reflected more readily in a change in HN03 
levels. 
Decreasing the organic gas emissions results in an 
increase in AN, TN and HN0 3• At first glance this is a 
slightly discouraging result. Careful examination 
shows that this increase in inorganic nitrate is primar-
ily due to the oxidized nitrogen being displaced from 
PAN into inorganic nitrate species. Under some 
circumstances this trade-off between organic and 
inorganic nitrate species formation might be de-
liberately manipulated in order to achieve a desired 
balance between TN and PAN. Decreasing organic gas 
emissions also may decrease the formation of other 
potentially harmful organic and nitrated organic com-
pounds not studied here. 
Reducing the NO" and organic emissions has a 
beneficial effect on reducing the 0 3 levels (Table 6). 
Note that a 20 % decrease in NO" emissions from the 
base case decreases the maximum 0 3 at Rubidoux by 
more than a 30 % decrease in organic emissions for the 
particular event examined here. This finding differs 
from the results of some previous studies. Possible 
reasons for these differences are discussed later. 
Just before arriving at Rubidoux, the trajectories 
pass over a number of farming and animal husbandry 
operations, resulting in the high observed NH3 con-
centrations. One possible control strategy for reducing 
the AN concentrations could be predicated on relocat-
ing these large NH3 sources. The same result may be 
achieved indirectly as urban sprawl pushes farming 
operations further away from the center of the SoCAB. 
To simulate this possibility, NH3 emissions from farm-
oriented operations (due to livestock waste and fer-
tilizer used for agricultural purposes) were removed 
from the inventory. The same sets of trajectory 
calculations used in the previous control measure 
evaluation study were repeated except that the NH3 
emissions were reduced. These results are given in 
Table 5. The 24-h average NH3 concentration at 
Rubidoux decreased from the base case value of 
51.0 ppb down to 4.3 ppb when farm-related activities 
were eliminated. Decreasing the NH3 has a tremend-
ous effect on the ammonium nitrate and HN03 
predictions. With farm-related NH3 emissions re-
moved, only 2.8 #lgm- 3 of nitrate is found in the 
aerosol phase, compared to D.3 #lg m - 3 of HN03 gas, 
a reversal of the base case. Reducing NH3 to control 
AN formation results in an increase in HN03 and the 
problems associated with HN03 < Thus, the advantages 
and disadvantages of this avenue of control must be 
weighed before any action is taken. 
If SINK aerosol is present that can react with HN03 
to produce AN, reducing the NH3 emissions does not 
lead to as large a decrease in AN as was predicted above 
for the case of a pure NH3, HN03 and N~N03 
system. Increased HN03 concentrations that result 
from NH3 removal lead to more BAN being formed 
due to reaction 58. As shown in Table 7, the 24-h 
average AN drops from 13.8 #lg m - 3 with the base case 
level of NH3 emissions to 8.3 #lg m - 3 for the reduced 
NH3 case-not as drastic a reduction as when no 
SINK is included in the calculations. 
Further reduction of NO" emissions beyond the 
20% anticipated by the AQMP was examined. TN 
concentrations were seen to decline in almost direct 
proportion to changes in NO" emissions. Reducing 
NO" emissions by 20. 40, 60 and 80 % resulted in a 
decrease in TN of 18, 45. 64 and 78 %, respectively. at 
Table 6. Predicted peak l-h ozone concentrations (Ppb) at 
Rubidoux as a function of emission reductions, 31 August 1982 
NO~ emission reduction 
0% 20% 40% 60% 80% 
%THC 
reduction 
0%" 
30% 
190 
181 
"0 % = base case. 
t Not examined< 
170 
166 
144 
t 
117 
t 
80 
t 
80 
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Table 7. Predicted pollutant concentrations at Rubidoux, California when emissions of SINK aerosol are 
included 
AN 
Max 2-h avg 
(JIg m -3) 
Base case, no SINK 27.0 
Base case, SINK included 29.4 
SINK included, NH3 
emissions reduced 14.4 
Rubidoux. A similar, almost linear dependence, be-
tween HN03 formation and NO .. input was found by 
Spicer (1983) in smog chamber experiments. Returning 
to the present study, AN decreased at a slightly greater 
rate than TN: 27, 58, 78 and 90 % for the four levels of 
decreased NO .. emissions defined above. Maximum 
0 3 concentrations predicted at Rubidoux also de-
clined as NO .. emissions were decreased. During the 
present study, a 60% reduction in NO .. emissions 
would have been sufficient to meet the federal 0 3 
standard along the trajectories ending at Rubidoux. 
In some previous modeling studies investigators 
have found that, contrary to the case examined here, 
lowering NO .. emissions can increase 0 3 concen-
trations. There are obvious reasons that could account 
for the different findings and some more subtle 
reasons, too. 
First it is well known that depending on the He to 
NO .. ratio in an air parcel, NO" control can either 
increase or decrease 0 3 concentrations. A different mix 
of organic gas and NO .. emissions resulting from 
different trajectory paths and the fact that emission 
inventories for different years have been .used could 
account for part of the difference in the 0 3 response to 
NO .. emission changes. Along the same lines, some 
investigators have examined the effect of a further 
decrease in NO .. emissions only after a large decrease 
in ROG emissions from mobile sources was imposed. 
This results in a larger reduction in total ROG 
emissions than studied here and also a different 
organic gas emission composition. Also, there are 
inherent differences in the many models that have been 
used in the past. More subtle causes for the differences 
in the outcomes of the calculations may well lie in the 
way that the trajectories are initialized. If shorter 
trajectories are used, as has been customary in previous 
studies, then the choice of initial conditions can playa 
very large role in determining the results. Application 
of emission controls will affect those initial conditions, 
but a great deal of uncertainty surrounds the question 
of estimating the effect of emission controls on initial 
conditions for short trajectories that start over land 
within the air basin. If in previous modeling studies the 
concentrations of NO and N02 in the upper levels ofa 
model at the start of the trajectory were based on 
ground level observations in the morning, then those 
NO and N02 levels may have been estimated to be 
much higher than reasonably could be expected. 
Night-time reactions between N02 and 0 3 could 
AN TN HN03(g) 
24-h avg 24-h avg Max 2-h 
(pgm- J ) (Jlgm- J ) (ppb) 
11.S 18.6 9.6 
13.8 21.4 9.3 
8.3 18.9 12.7 
convert almost all the N02 present aloft at night to 
HN03 by sunrise the next morning (Russell et ai., 
1985). Organic gases, however, can persist aloft at night 
because little or no photolysis takes place and because 
OH radical concentrations are greatly reduced at 
night. As the mixing depth increases the next day, the 
air entrained downward from aloft is comparatively 
lean in NO and N02 , and, as a result, fresh NO .. 
emissions are required to promote the formation of 
0 3, 
This study concludes that reducing NO .. emissions 
will result in lower AN, HN03, PAN and N02 
concentrations. Lowering NO .. and ROG emissions 
also may decrease the formation of other nitrogenous 
organic compounds, certain of which are mutagenic 
and carcinogenic (Ohgaki et ai., 1982). For the case 
considered here, NO .. control, independently or com-
bined with ROG control, also assisted in controlling 
0 3 at RiIbidoux, although it is not clear that this result 
is true in general at other times and locations. 
6. CONCLUSIONS 
The predictions of a trajectory model describing the 
photochemical dynamics of OJ, N02, HNOJ, PAN 
and AN were compared to field measurements. 
Predicted OJ and N02 concentrations closely fol-
lowed the measured concentrations. Predicted TN 
concentrations at Rubidoux were very close to those 
measured at that site, often matching observations to 
within experimental error. The ability to closely ac-
count for the origin of measured 0 3, N02 and TN 
concentrations is one of the most severe tests of a gas 
phase photochemical model. Model predictions of the 
apportionment of TN between the aerosol and gas 
phases compare satisfactorily to the observations 
through much of the day, although on the average the 
model underpredicts the HN03 concentrations by a 
fraction of a ppb. This could be due to a number of 
reasons. Among the more likely reasons are inac-
curacies in the interpolated temperature fields and 
uncertainties in the NHJ emissions inventory. When 
the observed ambient NH3 concentrations and tem-
perature are used to apportion the TN between the gas 
and aerosol phases, the AN predictions match obser-
vations very well. In spite of the uncertainties, the 
predicted NH3 levels are close to the observed values, 
averaging slightly greater than observed, indicating 
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that the inventory does not differ greatly from the 
actual emissions. 
Control strategy tests indicate that reductions in 
NO" emissions would result in nearly proportional 
reductions in TN formation and slightly greater than 
proportional reductions in AN. For the cases studied, 
0 3 concentrations also declined as the NO" emissions 
were reduced. Decreasing ROG emissions also lo-
wered 0 3 concentrations and decreased organic nitrate 
(PAN) concentrations, though at the expense of in-
creasing inorganic nitrate formation. 
AN formation at Rubidoux would be greatly de-
creased if NH3 emissions from farm-related oper-
ations were suppressed. However, a corresponding 
increase in HN03 concentrations would be expected 
to accompany this approach to AN control. Combined 
emission control strategies can be formulated that 
include a combination of controls on ROG, NO .. and 
NH3 emissions that will achieve a greater control of 
AN and HN03 levels than a strategy predicted on 
control of only a single precursor species. 
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ABSTRACT 
A grid-based, Eulerian airshed model has been used to study the for-
mation and control of gaseous and aerosol phase nitrogen-containing 
air pollutants. The performance of the model was assessed by com-
parison against field measurements made for this purpose in the Los 
Angeles area over the period 30-31 August 1982. Model predictions 
for 0 3 and PAN concentrations are in good agreement with observa-
tions. The absolute value of the total inorganic nitrate. NH3 and HN03 
predictions on average are within a few ppb of the observations. 
Lacking an inventory of ionic and alkaline aerosol emissions, accurate 
apportionment of total Inorganic nitrate between the aerosol and gas 
phases is not possible at coastal locations. At mid-basin sites like 
Anaheim, where NH4N03 is the dominant nitrate aerosol species 
present. the aerosol nitrate levels predicted by the model are in good 
agreement with observed values. 
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1. Introduction 
Nitrogen-containing air pollutants like HN03• aerosol nitrates. and peroxyacetyl 
nitrate (PAN) are formed as further reaction products of N02 in the atmosphere. 
HN03 is implicated as a major contributor to the acid deposition flux in the western 
U.S .• aerosol nitrates contribute to visibility deterioration, and PAN is a well known 
plant toxicant. Therefore. there is considerable interest in how these pollutants 
would respond to the imposition of emission controls. 
In a previous study. a mathematical model based on the Lagrangian trajectory 
formulation of the atmospheric diffusion equation was used to test the effects of 
emissions reductions on the resulting nitric acid! aerosol nitrate. and 0 3 concentra-
tions at a receptor site in the Los Angeles basin of California (1). Though a trajec-
tory model is a very valuable tool for determining the probable outcome at a single 
predetermined location, it may not be the most effective method of determining the 
basinwide consequences of emission changes, or even the consequences at a large 
number of sites within a given airshed. In the present paper an Eulerian, grid-based 
model is used to describe the transport and formation of pollutants, including 0 3, 
N02• nitric acid, aerosol nitrate, and PAN. Predictions of this model are compared 
against a set of field experimental data for the 30-31 August 1982 period (2). a data 
set expressly designed for use in evaluating this type of model. In Part II of this 
series, the model will be used to test the effects of emission reductions resulting 
from specific emission control strategies. 
2. Model Description 
The mathematical model employed by this study is based on numerical solu-
tion of the semi-empirical atmospheric diffusion equation for the ensemble mean 
concentration, <Cj>. of each pollutant species. i. within the chemical reaction 
mechanism, R: 
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where u is the wind velocity at the point of interest and K is the atmospheric eddy 
diffusivity tensor (3). Aside from the improvements detailed below, the methods 
used for solving equation (1) are as described by McRae et at (4.5) and Russell et aJ. 
(6) and will not be repeated here. 
In previous studies. operator splitting techniques were used to decouple the 
horizontal transport. vertical transport, and chemical reaction components of the 
atmospheric diffusion equation. In this study. the vertical diffusion remains cou-
pled to the chemical reaction component, so that the resulting sequence is 
. 
cn+1 = A"Ay[Az.c (2AtH AyAxcn-1 (2) 
where Ax. Ay are the numerical approximations to the horizontal transport opera-
tors; Az .c is the approximation to the combined, simultaneous vertical transport and 
chemical reaction operator; n is the time level and LH the time step. 
, A second major difference between this study and the earlier studies is that 
the chemical reaction mechanism and the associated rate constants have been 
updated. Because this study concerns itself not only with the formation of 0 3 and 
N02• but also with the production of nitric acid. aerosol nitrate. and PAN. it is neces-
sary to treat the NxOy chemistry in much greater detail. The chemical reaction 
mechanism tracks 28 pollutant species (Table 1) and includes 58 reactions (Table 2). 
Of particular importance is the expanded treatment of reactions involving the N0 3 
radic<'ll <'Ind N20 S which c<'In be important at night (9). The ability of a Logrongian 
trajectory model employing this chemical mechanism to predict the concentrations 
of 0 3 • N0 2 • N03 • HN03 • and PAN has been verified in previous studies (1.9). 
Ammonium nitrate aerosol concentrations (NH4 N0 3• Table 1) are calculated in 
the model as being at thermodynamic equilibrium with HN0 3 and NH3 (10) using the 
scheme outlined in reference 6. The apportionment of total inorganic nitrate (TN = 
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Table I 
Definition of Chemical Species Symbols 
Used in the Chemical Mechanism of Table 2 
ABBREVIATED NAME 
NO 
N02 
0 3 
HCHO 
RCHO 
OLE 
ALK 
ARO 
C2H4 
PAN 
N20 s 
HN02 
N03 
RONO 
RN04 
HN04 
. H02 
RO 
R02 
RC03 
o 
OH 
CO 
H20 2 
CO2 
HN03 
NH3 
NH 4N03 
RN0 3 
RPN 
fULL NAME 
NITRIC OXIDE 
NITROGEN DIOXIDE 
OZONE 
fORMALDEHYDE 
LUMPED ALDEHYDE 
LUMPED OLEfIN 
LUMPED ALKANE 
LUMPED AROMATIC 
ETHYLENE 
PEROXYACETYL NITRATE 
DINITROGEN PENTOXIDE 
NITROUS ACID 
NITRATE RADICAL 
LUMPED NITRATE 
LUMPED PEROXY NITRATE (R02N02) 
PEROXY NITROUS ACID (H02N0 2) 
HYDROPEROXYL RADICAL 
ALKOXYL RADICAL 
PEROXYALKYL RADICAL 
PEROXY ACYL RADICAL 
ATOMIC OXYGEN 
HYDROXYL RADICAL 
CARBON MONOXIDE 
HYDROGEN PEROXIDE 
CARBON DIOXIDE 
NITRIC ACID 
AMMONIA 
AMMONIUM NITRATE AEROSOL 
ALKYL NITRATE 
NITROXYPEROXYALKYL NITRATES 
AND DINITRATES 
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Table 2 
reaction #- reaction 
1 NOz + hI/-NO + 0 
2 0 + Oz + M-03 + M 
3 0 3 + NO-NOz + Oz 
4 NOz + O-NO + 0z 
5 NO + O-NOz 
6 NOz + 0-N03 
7 0 3 + NOz-N03 + Oz 
Kinetic Mechanism 
(References 4,7.8,9) 
8 N03 + NO-NOz + NOz 
9 NO + OH-HNOz 
10 HNOz + hv-OH + NO 
11 HOz + NOz-HNOz + Oz 
12 HNOz + OH-HzO + NOz 
13 NOz + HOz-HN04 
14 HN04 ...... HOz + NOz 
15 HOz + NO-NOz + OH 
16 ROz + NO-NOz + RO . 
17 RC0 3 + NO-NOz + ROz + CO2 
18 NO;,? + OH-HN03 
19 CO + OH-HOz + COz 
20 0 3 + hv-O + Oz 
21 HCHO + hl/-HOz + HOz + CO 
22 HCHO + hv-Hz + CO 
23 HCHO + OH-H02 + HzO + CO 
24 RCHO + hv-ROz + HOz + CO 
25 RCHO + OH-RC03 + HzO 
26 CZH4 + OH-ROz 
27 CZH4 + O-ROz + HOz 
28 OLE + OH-ROz 
29 OLE + O-ROz + RC03 
notes 
30 OLE + 03-(Al)RCHO+(A2)HCHO+(A3)HOz+(A4)ROz+(A5)OH+(A6)RO (a) 
31 ALK + OH-ROz 
32 ALK + O-ROz + OH 
33 ARO + OH-ROz + RCHO 
34 RO-(B 1 M)ROz+(B 1)HOz+(B2)HCHO+(B3)RCHO (b) 
35 RONO + hI/-NO + RO 
36 RO + NO-RONO 
37 RO + NOz-RN03 
38 RO + NOz-+RCHO + HNOz 
39 NOz + ROz-RN04 
40 HzOz + OH-+HOz-+ HzO 
41 RN04-NOz + ROz 
42 RC03 + NOz-PAN 
43 PAN-RC03 + NOz 
44 NOz + N0 3-NzOs 
88 
Table 2 
Kinetic Mechanism 
(References 4,7,8,9) 
reaction # reaction 
45 N20S-+N03 + N02 
46 H20 + N20S-+HN03 + HN03 
47 0 3 + OH-+H02 + O2 
48 0 3 + H02-+OH + O2 + O2 
49 03-+LOSS (not included) 
50 H02 + H02-+H20 2 
51 H20 2 + h'l-+OH + OH 
52 R02 + R02-+RO + RO 
53 N03 + HCHO-+HN03 + H02 + CO 
54 N03 + RCHO-+HN03 + RC03 
55 N03 + h,,-+N02 + 0 
56 N03 + OLE-+RPN 
57 N03 + N02-+NO + N02 
58 HN03 + NH3-+NH4N03 
-
fOOTNOTES 
(a) Al = 0.50. A2 = 0.50, A3 = 0.30, A4 = 0.31. A5 = 0.14, A6 = 0.03 
(b) B1 = 1.00. B2 = 0.50, B3 == 0.50, BIM = 1.0 - Bl 
notes 
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HN03 + aerosol N03) and ammonia between the gas and aerosol phases is calcu-
lated at every second time step (2.6.0 and is important because of the different 
depositional rates of aerosol and reactive gases. In the present paper, NH 4N03 is 
the only aerosol nitrate species considered due to the lack of an emission inventory 
for alkaline aerosol that might be available to act as a "sink" for gaseous HN03 (see 
reference 1). 
3. Modeling Region 
Figure 1 shows the extent of the modeling region used in this study and the 
boundaries of the South Coast Air Basin (SoCAB) of California. Meteorological 
fields, topographical details, and emission inventory data were developed over the 
150 km X 400 km system of 5 km X 5 km grid cells shown in Figure 1. In the verti-
cal dimension, the model is subdivided into five cells. Starting from ground level, 
the vertical cell dimensions are 38, 116, 154. 363, and 429 m, reaching an aggregate 
height of 1100 m above ground level. 
4. Meteorological Fields 
Meteorological fields required for model evaluation were calculated by interpo-
lating individual measurements available from the South Coast Air Quality Manage-
ment District (SCAQMD), the California Air Resources Board (CARB), and the 
National Weather Service (NWS) over the computational grid (12) as described in an 
earlier trajectory model evaluation study (1). Additional hourly, three-dimensional 
wind m~lds were developed using the two-dimensional ground level wind fields and 
upper level wind measurements gathered from seven locations at a variety of times 
throughout the day. Solar radiation measurements were obtained at Pasadena, 
Upland. and Central Los Angeles from the Jet Propulsion Laboratory. the CARB, and 
the SCAQMD, respectively. These data, along with cloud cover observations, were 
used to determine the insolation levels within the modeling region. 
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5. Pollutant Emissions 
NOx• speciated hydrocarbons, and CO emissions were calculated for every hour 
and grid in the SoCAB from the 1982 forecast emission inventory provided by the 
CARB (13,14). A 1982 ammonia emissions inventory was developed for use in this 
study (IS). These emission data are presented in detail by Russell and Cass (1) and, 
therefore, will not be repeated here. Actual NOx emissions data for each electric 
utility generating station were obtained for the two days modeled from the 
SCAQMD along with August 1982 emission data for fuel burning at the petroleum 
refineries. These data replaced the CARB forecast emissions from electric utility 
and refinery fuel burning, lowering the total area-wide emissions of NOx from the 
1134 metric tons/day given in reference (1) down to 1120 metric tons/day. The 
spatial distribution of pollutant emissions is shown in Figure 2. 
6. Initial and Boundary Conditions 
Concentrations of 0 3• N02. NO. S02, CO. and total hydrocarbons (THC) are 
measured throughout the basin, and hourly averaged values are recorded by the 
SCAQMD. The concentrations of HN03(g). NH3(g), PAN, aerosol nitrate. and 
ammonium ion on 30-31 August 1982 were measured as part of a field experiment 
conducted specifically to acquire model verification data (2). These values then 
were interpolated to form a two-dimensional ground level initial concentration field 
over the basin for those pollutants at 0000 hrs Pacific Standard Time (PST), 
30 August 1982. The initial concentration of PAN (which was measured at only one 
location at the beginning of the experiment) was set to one-tenth of the initial 0 3 
level (on a ppm basis). Upper level 0 3 initial conditions were set to the previous 
1400 PST ground level 0 3 concentrations following the results of Blumenthal et al. 
(16) and Edinger (17). Trajectory simulations and the experimental results of 
Sonoma Technology (18) indicated that the NO and N0 2 levels above the mixed 
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figure 2. The Spatial distribution of NH" NO" total hYdrocarbons, and CO 
emissions Within the grid system for the summer of 1982. 
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layer at 0000 hrs PST would be very low, and the initial concentrations of those 
species aloft were set to zero. 
Total hydrocarbon measurements taken by the SCAQMD are not speciated into 
the different organic compounds actually present. Thus, a set of factors must be 
developed to split the measured initial hydrocarbon concentrations into the six 
hydrocarbon classes used by the model. This process is complicated by the need to 
split the hydrocarbons into the six classes over three distinct regions in which one 
would expect a very different chemical composition: the urban area, rural surround-
ings, and over the ocean. Three sets of splitting factors were developed, one for 
each of the different regions. and are shown in Table 3. Urban area factors were 
derived from the measurements of Grosjean and Fung (19), and the ocean and rural 
factors were calculated from measurements (18) and previous modeling analysis (7). 
The effect of these assumptions about initial conditions on the resulting predictions 
are minimized by conducting multiday calculations (since subsequent emissions 
into the model are fully speciated). 
Ground level boundary conditions are derived from the interpolated pollutant 
concentration fields discussed earlier. Those concentration fields start with Pacific 
Ocean background values (in ppb: °3,40; NOb 10; NO. 10; CO, 100; HN0 3, 1; NH 3, 1; 
THC, 1000) at the western edge of the large grid shown in Figure 1 and rise to 
match the on-land values at near-coastal monitoring sites. The smaller modeling 
region shown in Figure 1 is superimposed on thes~ concentration fields, and the 
surface level boundary conditions supplied to the model are defined by the values 
of the interpolated concentration fields that prevail at the edges of the modeling 
region. Boundary conditions above the mixed layer at the western. upwind boun-
dary of the modeling region over the ocean were set to a column average of 
60 ppb 03. 250 ppb reactive hydrocarbons. 0.0 ppb NO and N0 2• 1 ppb °HN03, 4 ppb 
NH 3• and 3.25 fig m-3 aerosol nitrate. The hydrocarbon value was derived from 
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Table 3 
Hydrocarbon Splitting Factors 
URBAN RURAL OCEAN 
HCHO 0.0037 0.0010 0.0010 
RCHO 0.0033 0.0020 0.0050 
OLE 0.0042 0.0006 0.0001 
ALK 0.0675 0.0226 0.0096 
ARO 0.0177 0.0052 0.0017 
CZH4 0.0061 0.0040 0.0060 
For example. the initial HCHO concentration equals 0.0037 x THC measured in 
ppn1C. The splitting factors above incorporate the conversion from total hydrocar-
bons given in ppmC to molecular concentrations in ppmV. 
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reports by Sonoma Technology (18) and Killus (20), while the 0 3, NO. and N02 
values were based on work by Sonoma Technology (18). Upper-level, downwind 
boundary conditions are set as a function of the predicted pollutant concentrations 
in air advected out of the basin. 
7. Model Application on 30-31 August 1982 
Prediction of pollutant concentrations as a function of time began at 
0000 hrs PST, 30 August 1982, and was continued for 48 hours. Of the species 
being modeled, particular attention is paid to NO. N02• 0 3• PAN, HN03• aerosol 
nitrate. and NH3• for which ambient measurements are available for comparison. 
Previous grid-model evaluation studies have relied on comparison of measurements 
to predicted concentrations of 0 3 and. at times. N02• The present study provides a 
much more stringent test of the photochemical model as it compares results for 
HN03• aerosol N03". NH3• and PAN as well as N02 and 0 3-
The August 30-31 data set (2) used in this study is the only model evaluation 
data set in existence with region-wide short-term average observations on all of the 
unregulated nitrogen-containing pollutants of interest here: HN0 3• NH 3• aerosol 
nitrate and PAN. For that reason, the August 30-31, 1982, time period is the best 
choice for a model evaluation study of NOx-derived unregulated pollutants. Ozone 
concentration predictions are an interesting by-product of this study. While these 
days were not chosen primarily for their ozone data. it can be noted that the 
representativeness of the August 31 period as an 0 3 modeling event in the Los 
Angeles area has been examined by Horie (21). August 31. 1982. was found to fall 
within one of the two most common types of high 0 3 event days in the Los Angeles 
area. That class of events is characterized by a strong temperature inversion, a 
west to northwest morning wind at Los Angeles International Airport, and an aver-
age peak 0 3 concentration of 0.235 ppm. If the characteristics of days of this type 
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are ranked by their deviation from the mean of all similar days, August 31, 1982, 
would fall within the closest 25% of the days to the group norm. 
Results from the model calculation for the two days are presented in two for-
mats. First. a series of concentration isopleths are given for 0 3, N02, HN03, aerosol 
nitrate. and NH3 for the second day (31 August) of the simulation in Figure 3. This 
provides a convenient means for studying the temporal and spatial evolution of the 
pollutants, making it easier to judge where the highest concentrations of the pollu-
tants can be expected. A second method for presenting the results allows for visual 
evaluation by plotting the predicted concentrations as a function of time along with 
the measurements from a monitoring station in the same grid location. This has 
been done for a number of locations across the Los Angeles basin (Figures 4-7). 
Figure 3 shows the predicted spatial distribution of pollutant concentrations at 
three-hour intervals throughout the day of 31 August. N02 levels peak in the early 
morning in the western and coastal part of the basin, followed by declining values 
throughout the remainder of the day. HN03 concentrations begin at low levels 
throughout the basin at 0800 hrs PST. By 1100 hrs PST, N02 oxidation to form nitric 
acid accompanied by higher ambient air temperatures leads to the accumulation of 
HN03(g) concentrations above 15 ppb within a zone stretching from central Orange 
County through the Pomona, San Gabriel and San Fernando Valleys in eastern and 
northern Los Angeles County. At the same time, very low HN03 concentrations 
(below 3 ppb) oc~ur in adjacent portions of Riverside and San Bernardino Counties. 
That zone of low HN03 levels is centered over the Chino dairy area where high lev-
els of NH3 (see the NH3 concentration predictions in Figure 3 and the tall spike in 
the NH3 emissions inventory in Figure 2) from decomposition of livestock waste 
and from farm related fertilizer use act to drive the inorganic nitrate present into 
the aerosol phase. By 1400 hrs PST the HN03(g) concentrations are declining, with 
the highest remaining levels in north Los Angeles County between Azusa and 
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Figure 6. Comparison of predicted and observed concentrations of N02• TN. 
HN03• aerosol nitrate. and NH3 at Anaheim on 30-31 August 1982. 
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figure 7. Comparison of predicted and observed concentrations of NOb TN, 
HN0 3• aerosol nitrate, and NH3 at Rubidoux on 30-31 August 1982. 
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Claremont (near Upland). By 1700 hrs PST in the late afternoon on this particular 
day, HN03(g) concentrations have returned to low values. 
Ozone concentration predictions are compared to observations in time. series 
at six widely spaced monitoring sites in Figure 4. At some near-coastal sites. ozone 
predictions exceed observations in a manner similar to the results shown for 
Anaheim in Figure 4. However. at the mid-basin and inland monitoring stations 
where high ozone concentrations occur, model predictions are generally in excel-
lent agreement with measured ozone values. 
Figures 5-7 show the time series of model predictions and experimental obser-
vations for nitrogen-containing pollutants at locations moving from west to east 
across the air basin. At Central Los Angeles. predicted and observed N02 and TN 
values are generally in good agreement except that the timing of the TN peak 
occurs one interval prior to the time of the observed peak. At Los Angeles and at 
the coastal sites in the western portion of the air basin. the partition of TN between· 
HN03(g) and aerosol nitrate by the model results in more HN03 and less aerosol 
than is actually observed. This is consistent with previous analysis of the aerosol 
data at the coastal sites (22) that showed that the nitrate aerosol present near the 
coast is not pure NH 4N0 3 aerosol. Near the coast, sea salt (or other alkaline aero-
sol) has stripped the HN03(g) forming non-NH4N03 aerosol nitrate. In a prior 
analysis of aerosol nitrate formation using a trajectory version of this photochemi-
cal model. the ~eterogeneous reaction between HN03 and pre-existing "sink" aerosol 
(such as NaCl) was simulated (1). In the present study. only the reaction between 
NH3 and HN03 was included because an accurate description of the chemical com-
position of aerosol emissions across the entire SoCAB was unavailable. With this 
heterogeneous reaction step missing. we do not expect to be able to fully account 
for the partition of total inorganic nitrate between the aerosol and gas phases. This 
explains why aerosol nitrate is underpredicted at the near-coastal sites (Lennox. 
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Long Beach, West Los Angeles, and Central Los Angeles) by the present model that 
incorporates only NH4N03 formation. 
Total inorganic nitrate concentrations (TN) measured at ten monitoring sta-
tions vary from low values at coastal locations to higher values inland near Rubi-
doux. The predicted TN concentrations follow the same geographic trends. Since 
TN accounts for only a very small portion of airborne NOx-related species, very 
small absolute differences between the observed and predicted partition of the 
total oxidized nitrogen in the system between N02, PAN, and TN have the appear-
ance of a large relative difference between observed and predicted TN; in an abso-
lute sense, TN predictions are close to the observations at most sites, as will be dis-
cussed in Section 8. At four sites (Anaheim, Los Angeles, Pasadena and Rubidoux), 
the predicted TN concentration peaks earlier in the morning than does the meas-
ured TN concentration. Though the reasons for this result are not certain, this 
effect could be achieved if the mixing depth as modeled is lower than the,actual 
mixing depths at those times, trapping more nitrate close to the ground. It is 
difficult to estimate mixing depths precisely during the morning as the inversion 
base is rising rapidly. The early peak in TN levels also could be produced by faster 
than actual oxidation of N02 by the OH radical to form HN03• OH radical concentra-
tion measurements are scarce, and none were available against which to compare 
model predictions. Predicted midday OH concentrations ranged from 8x I 0-8 ppm 
to 1.6xlO-i ppm, while predicted midday HOz levels ranged from Ix 10-5 ppm to 
5xl0-5 ppm. 
Differences between the predicted and observed HN0 3(g) are governed by the 
problems inherent in distributing total inorganic nitrate between the aerosol and 
gas phases. At mid-basin sites like Anaheim. both TN and NH3 are predicted to be 
close to the observed values and an ion balance on the composition of the meas-
ured aerosol (22) shows that NH 4N0 3 is present. In that case the major assumptions 
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of the model are satisfied and the observed and predicted HN03 and aerosol nitrate 
also are close to observed values. Far downwind, overpredictions of aerosol nitrate 
at Rubidoux and Upland occur due to the overprediction of total inorganic nitrate 
formation just discussed. HN03 levels predicted at Rubidoux are still close to 
observed values in spite of the overprediction of TN because the NH3 concentration 
and the temperature modulate the HN03(g) concentrations via the NH 4N03 equili-
brium. dissociation constant and the NH3 is in great excess at that site. 
PAN measurements were taken at two sites during the August 1982 field exper-
iment: the University of California at Riverside (UCR) and the California Institute of 
Technology(Caltech) in Pasadena. The peak measured PAN concentration was 
17 ppb at UCR between 1400-1500 hrs PST 31 August. The predicted PAN peak at 
UCR was 16 ppb between 1200 and 1300 hrs the same day. The predicted PAN con-
centration at the time of the measured peak was 15 ppb. At Cal tech, the measured 
maximum PAN concentration was 9 ppb between 1300 and 1500 hrs on 31 August, 
which compares well to the predicted maximum of 7 ppb occurring during the same 
time period. The agreement between predicted and measured PAN concentrations 
for the two days at Pasadena is excellent, as shown in Figure 8. 
8. Statistical Evaluation of Mod.el Results 
Visual inspection of graphs showing predicted and observed pollutant concen-
trations provides one method for assessing air quality model performance. How-
ever, when the number of monitoring sites to be examined grows large, the amount 
of information to be absorbed and evaluated by that means can become overwhelm-
ing. A number of investigators have addressed the problem of objective evaluation 
of model performance and have proposed a variety of statistical tests that can be 
applied to judge the quality of the model's results (23,24,25). In this stl!dy, a wide 
range of performance measures is presented following the format of McRae and 
Seinfeld (7); for brevity, the significance and relevance of each test is given only for 
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those tests not described in that study. A statistical description of model perfor-
mance for 0 3 and N02 is given in Table 4. Corresponding statistics for total inor-
ganic nitrate. NH3• HN03• and aerosol nitrate are given separately in Table 5. 
As seen in Table 4, the model performance measures for 0 3 are excellent. In 
the case of N02, the predictions are unbiased and the absolute accuracy (RMS error. 
peak prediction. % residuals within 0.05 ppm) is good, much better than would be 
expected if one looked only at a correlation analysis. The low correlation 
coefficient is due to two factors: (1) the predicted N02 peaks occur at a slightly 
different time than the observed peaks (typically the timing of the observed and 
predicted morning N02 peaks differ by one to two hours). and (2) measurements at 
some locations are anomalous (e.g., N02 concentrations reported at the Pasadena 
SCAQMD station over time do not track the observations at surrounding stations). 
The correlation coefficient and least squares coefficients are extremely sensitive to 
any offset between predicted and observed peaks (7,24). Residual frequency plots 
(Figure 9) show that the residual differences between the predicted and observed 
concentrations of 0 3 and N02 center about zero (little or no bias) in approximately 
a Gaussian form. The RMS error values given in Table 4 provide a measure of the 
spread of the 0 3 and N0 2 residual histograms in Figure 9. 
Evaluation of the model's ability to predict nitrate-containing species concen-
trations can be broken into three steps: (1) the ability to predict correctly the for-
mation of total inorganic nitrate (this is a test of the photochemical, gas phase 
mechanism); (2) the ability to reproduce correctly the NH3 concentrations (this 
evaluates the accuracy of the ammonia emissions inventory and transport calcula-
tions); and, given that the first two steps are handled adequately, (3) use of the 
predicte'd NH3 concentrations to apportion the TN between the gas and aerosol 
phases. Approaching the problem in this order, a statistical comparison of the 
paired predicted and observed TN concentrations was constructed and is summar-
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Table 4(a) 
Statistical Evaluation of Model Performance 
for 0 3 and N02 
Performance 
Measure 
Results of Test 
0 3 N02 
Mean of 
residuals 
(bias) 
RMS error 
about the mean 
(0' of residuals) 
Accuracy of 
peak prediction(b) 
Correlation 
coefficient 
Linear least 
squares fit 
0.010 ppm 
(20%) 
0.037 ppm 
0.262 = 101" 
0.26 . 
0.83 
COBS = MCPRED + B M = 1.11 
B = 0.006 
% of residuals 86% 
:s; bounds = 0.05 ppm 
Notes on Table 4: 
-0.002 ppm 
(-5%) 
0.030 ppm 
0.157 == 092 
0.17 . 
0.43 
0.47 
0.026 
93% 
Remarks 
Predictions and measure-
ments agree closely on the 
average. 
The RMS error about the 
mean is lower than in previ-
ous studies. 
The magnitudes of the peak 
predictions are in excellent 
agreement for both 0 3 and 
N02" 
The predicted and meas-
ured 0 3 values agree 
closely. The low correla-
tion for N02 is due to the 
prediction that the N02 
peaks occur at slightly 
different times than the 
measured peaks. 
Again the 0 3 results are 
excellent. N02 results 
suffer from the peak timing 
problem detailed above. 
There are very few outliers. 
(a) McRae and Seinfeld (7) explain the significance of the performance measures. 
(b) The predicted and observed peak values occur near each other but not neces-
sarily at exactly the same air monitoring site. 
Performance 
Measure 
Mean of 
Observations 
Mean of 
Predictions 
Mean of 
Residuals 
RMS Error 
about the Mean 
(0" of Residuais) 
Correlati.on 
Coefficient 
Regression 
Analysis 
CPRED = MCOBS + B 
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Table 5 
Statistical Evaluation of Model Performance 
for Total Inorganic Nitrate, Ammonia, 
Aerosol Nitrate, and Nitric Acid 
TN NH3 AN 
12.9 Jig m-3 13.8 ppb 9.5 Jig m-3 
15.6 p.g m-3 14.6 ppb 8.0 Jig m-3 
2.7 Jig m-3 0.7 ppb -1.5 Jig m-3 
14 fig m-3 16 ppb 12 fIg m-3 
0.6 0.6 0.4 
M= 1.15 M = 0.54 M = 0.74 
B = 0.7 Jig m-3 B = 7.0 ppb B = 0.94 pg m-3 
HN03 
3.4 JIg m-3 
7.6 JIg m-3 
4.2 JIg m-3 
7.8 p.g m-3 
0.7 
M = 1.7 
B = 1.9 pg m-3 
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ized in Table 5. The average of the predicted TN concentrations was 15.6 pg m-3. 
and the average of the observations was 12.9 pg m-3, showing good agreement with 
little model bias. Regression analysis of TN predictions on observations also 
showed good agreement (slope 1.15. intercept 0.7 pg m-3). Residual frequency his-
tograms for TN. AN, HN03 and NH3 are shown in Figure 9. This analysis indicates 
that the model is adequately predicting the TN concentrations. Improved correla-
tions between predictions and observations over time would be achieved if the 
morning TN peaks that occur as the mixing depth is increasing rapidly were 
predicted more accurately. The residual histograms for AN and NH3 are very similar 
to that for TN. While most HN03 predictions are within a few pgm-3 of the observa-
tions, Figure 9 shows that HN03 is overpredicted more often than it is under-
predicted. 
Given the spatial distribution of emissions as shown in Figure 2 and the gen-
erally westerly winds, one would expect that the greatest NH3 concentrations would 
be found in the eastern portion of the air basin. Comparison of measured and 
predicted NH3 levels confirms that speculation (e.g., compare NH3 levels in Figure 5 
to those in Figure 7). Statistical analysis of that comparison at all monitoring sites 
is shown in Table 5. Given the possible uncertainties in the NH3 inventory (as dis-
cussed by 1). the model accurately predicts the NH3 levels throughout the basin. 
Having completed steps (1) and (2) above, the final test is to determine how 
well the model apportions the inorganic nitrate between the gas and aerosol phases. 
Since it was impossible to include the heterogeneous reaction between nitric acid 
and preexisting aerosol within this modeling framework due to the lack of an emis-
sions inventory for alkaline and ionic aerosols, one does not expect that the aerosol 
nitrate formation calculation will work well at all sites. This expectation is 
confirmed in Table 5. However, aerosol nitrate concentration predictions do match 
observations closely at sites like Anaheim where an ion balance on measured aero-
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sol composition shows that NH4N03 is present (22) and where TN levels were 
predicted correctly. 
9. Conclusion 
An Eulerian grid-based photochemical airshed model has been employed to 
study the formation of nitrogen-containing air pollutants. Comparison of model 
predictions to observations in California's South Coast Air Basin over two days in 
August 1982 shows that the model predictions for 0 3, total inorganic nitrate, and 
PAN match observations closely. Predicted NOz levels showed little bias when com-
pared to the measurements, and predicted peak NOz concentrations also matched 
measurements in magnitude. Apportionment of the inorganic nitrate between the 
gas and aerosol phases at near-coastal sites is hindered by the absence of an emis-
sion inventory for preexisting aerosol that is available to react with HN03(g). 
Results from the present grid-based modeling study may be compared to a 
previous trajectory modeling study (1). The trajectory version employing the same 
chemical mechanism and the same input data applied to the same days in 1982 pro-
duces results at Rubidoux that match observations more closely than the grid-based 
version of the same model. The reasons for these differences must be due to fun-
damental differences in the transport calculations, including the better vertical reso-
lution of the trajectory model, the absence of horizontal numerical diffusion in the 
trajectory model, or the effect of boundary and initial conditions on the grid model. 
The grid-based version of the photochemical airshed model tested here has the 
advantage of increased spatial coverage when compared to the trajectory model, 
and thus can be used to efficiently examine the basinwide consequences of emis-
sions changes. [n Part II of this series. the effect of a variety of candidate emission 
control programs on Los Angeles nitrate air quality will be examined. 
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CHAPTER 8 
MATHEMATICAL MODELING OF THE FORMATION OF 
NITROGEN-CONTAINING POLLUTANTS-II. 
EVALUATION OF THE EFFECT OF EMISSION CONTROLS 
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ABSTRACT 
A grid-based Eulerian airshed model is used to study the effect of 
specific emission control measures on ambient NOz, total inorganic 
nitrate (TN), HN03, aerosol nitrate, PAN, NH3 and ozone concentra-
tions in the Los Angeles area. NO x and reactive hydrocarbon (RHC) 
emission reductions of up to 61% and 37%, respectively, are exam-
ined. NOz and TN concentration reductions in excess of 50% aver-
aged over 20 monitoring sites are achieved at the highest level of 
emission control studied. The distribution of TN air quality improve-
ments between HN0 3 and aerosol nitrate is affected by the NH3 emis-
sion rate of the NO x control technologies employed. Peak I-hr 0 3 
concentrations at many sites in the eastern portion of the air basin 
studied decline by more than 25% at the highest NO x and RHC control 
levels studied. with the final increment of NO x control alone capable 
of producing 0 3 concentration improvements at locations with the 
highest 0 3 concentrations. 
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1. Introduction 
In Part I of this series, the performance of a grid-based photochemical airshed 
model for ozone, N0 2, total inorganic nitrate (TN), PAN, HN03, NH3 and aerosol 
nitrate (AN) formation and transport was evaluated (1). Model predictions were 
compared against experimental observations made for this purpose in the Los 
Angeles area over the period August 30-31, 1982 (2). It was found that 0 3 and PAN 
concentration predictions were in excellent agreement with observations, and that 
N02 predictions were in closer agreement with observed values than in many previ-
ous studies. On average, TN, NH3 and HN0 3 concentration predictions differed from 
observations by very small absolute amounts: 2.7 pgm-3 (1.1 ppb), 0.7 ppb; and 4.2 
Jlgm-3 (1.65 ppb), respectively. In the present paper, that model will be used to 
explore the predicted effect of specific emission control measures on ambient air 
quality. 
2. Emission Control Opportunities 
Emission control measures evaluated as part of this study are itemized in 
Table 1. That table has been divided into 5 groups. Group 1 controls reflect a sub-
set of the reduction possibilities that have been documented as part of the 1982 Air 
Quality Management Plan (AQMP) for the South Coast Air Basin that surrounds Los 
Angeles (3). This group. of controls approximates the effect of many of the emission 
reductions that can be expected to be implemented in the Los Angeles area in the 
years following the 1982 base year, but without extension of vehicular catalyst utili-
zation or ammonia injection technology beyond that used in 1982. Group 2 and 
Group 3 controls simulate the effect of fleet-wide improvements in emissions from 
motor vehicles, at target levels that have been discussed by state and federal regu-
latory agencies (7,9). Group 4 and Group 5 controls would further reduce NO x emis-
sions. from stationary sources through the use of non-catalytic ammonia inje.ction or 
selective catalytic reduction (SCR) technology. 
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The 1982 emission inventory employed during the model verification effort of 
Part I of this study (1. 15) will be referred to as the Base Case. The 1982 Base Case 
emissions from each source class that will be considered for control are given in 
Table 1, along with the percentage reduction in those emissions that would result if 
the control measures had been in effect during 1982 (Le. 84% reduction implies that 
(1-8411 00) = 0.16 times the Base Case emissions from a stated source class would 
remain if the stated control measure had been implemented). Although several of 
the control measures cited are cross-referenced to the AQMP planning document, 
the base year emission inventory of the present study (1982) differs from the 1979, 
forecast 1987 and forecast year 2000 inventories used in the AQMP. The objective 
of the present study is to provide information on the air quality effects that would 
be observed if the controls listed in Table 1 had been applied during the 1982 Base 
Case modei verification days in the amounts specified. No attempt wiii be made to 
simulate the effect of emission controls during some hypothetical future year. 
The largest number of control measures in Group 1 of Table 1 (those desig-
nated B-1 through B-8) are aimed at reducing solvent vapor emissions from painting 
and surface coating operations, usually through reformulation of the coating 
material or through reduced overspray during application. Reduction in fugitive 
hydrocarbon emissions from landfill gas leaks and oil and gas field fixture leaks is 
anticipated. The remainirrg hydrocarbon controls would suppress solvent losses 
from cleaning operations and pesticide application, or capture certain industrial 
process emissions using incineration, activated carbon adsorption or other vapor 
recovery methods. 
Stationary source oxides of nitrogen controls included in Group 1 involve rela-
tively straightforward modification of combustion system design, but without the 
use of ammonia injection or selective catalytic reduction technology. The effect of a 
mandatory vehicle inspection and maintenance program involving a no-load idle 
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Table I. Specific Emission Control Measures and Their Effect if Applied to 1982 
Emissions in the South Coast Air Basin. 
Effect of Controls 
1982 THC'" 1982 NO, 1982 NH, THC NO, NH, Notes 
Emissions Emissions Emissions Change Change Change and (ton/day) (ton/day) (lOAIday) Control Measure (,,)'M) (")'.) (")'.) References 
Gro .. p(l) 
Wood furniture finishing 16.6 Use of water-based coatings -54.1 
and reduced overspray. (8-5) 
Auto refinishing 6.7 Use of low solvent or -21.0 
water-based coatings. (B-8) 
Wood Hatstock coating 1.5 Afterburners on drying -75.0 
and curing ovens: (B-1) 
4 Industrial maintenance coatings 6.3 Use of low solvent or -39.3 
water-based coatings. (B-2) 
Marine coatings 2.4 Use of low solvent or 
-82.8 
more durable coatings. (B·3) 
6 Motor vehicle mfg. (painting) 8.2 Electrostatic coating and -41.2 
high solids paint. (B'4) 
Metal parts mfg. (coatings) 25.8 Substitute coatings. (8-6) -28.6 
Aerospace coatings 4.6 Use of low solvent coatings. (B· n 
-40.5 
Oil and gas well leak reduction 27.3 Semi-annual inspection 
-50.0 
and maintenance. (A·3) 
10 Pesticide application 12.9 Changes in formulation 
-27.3 
and application methods. (C-3) 
11 Metal and non~metal parts cleaning 40.6 Covers on circuit board 
-12.8 
degreasers; fewer exemptions. (C-l) 
12 Paper and fabric coating 10.6 Afterburners or activated 
-50.0 
carbon adsorption on 
curing ovens. (D-2) 
13 Dry cleaning 17.9 Reduced transfer emissions 
-35.8 
(wash & dry in a single unit), (G·3) 
14 Landfill gas recovery 778.0{o=r) Methane recovery. (r-n _46.1{1IJ) 
15 Rubber products mfg. 3.6 Incineration or carbon adsorption -10.3 
on fugitive organics emissions. (0-3) 
16 Synthetic chemical mfg. 2.1 Chemical absorbers. carbon -90.9 
adsorption. and process changes. (G·I) 
17 Marine fuel transfer 0.4 Vapor recovery systems. (A-7) -90.9 
18 Graphic arts industry 11.9 High solids or waterborne 
-85.0 
ink; incineration or adsorption. (C-2) 
19 Refinery boilers and heaters 40.3 Combustion modification. -8.0 
20 Residential water heaters 10.3 Intermittent ignition devices (-25.0) 
and stack vent valves. (N·18) 
21 Non'refinery industrial boilers 35.0 Combustion modification. (G-Il) -25.0 
22 Cement kilns 9.7 Combustion modification. (G-7) 
-40.0 
23 Glass furnaces 3.2 Process modification. -45.3 
24 Ught-duty highway vehicle exhaust 439.0 427.0 Inspection and maintenance -11.3 -9.4 
(no-load idle test & repair). 
Group (2) AdditloDai MobU. Scarce CODlrol 
25 Ught·duty highway 
vehicle exhaust 439.0 427.0 2.8 Entire fleet meets 0.7 g/mi NO. -84.8 -73.3 +222 (b) 
and 0041 g/mi THe objective; 7.8 
NHJ emissions reach 0.035 g/km; 
inspection and maintenance 
26 Heavy-duty diesel highway 
program continued. 
vehicle exhaust 25.8 157.0 0.02 Entire fleet meets objective of 
-30.0 -25.9 (c) 
10.7 g NO,/BHP·hr and 9 
27 Heavy-duty gasoline highway 
2.65 g/m, THC. 
vehicle exhaust 18.6 35.7 (0.1) Entire fleet meets objective of -49.2 -34.8 (d) 
10.7 g NO ... /BHP-hr and 9 
28 Medium-duty highway vehicle 
2.65 g/mi THe. 
exhaust (gasoline and diesel) 32.6 38.7 (0.3) Entire fleet meets 1.5 g/mi NO" -82.0 -62.1 (+83) (e) 
and 0.6 glmi THe objective (NH3 8.9 
emissions reach 0.035 g/km). 
Table 1. Continued 
1982 THC'" 1982 NO, 
Emissions Emissions 
(Ion/dav) (ton/day) 
Group (3) StriDC ..... Mobile Source CODtrol 
29 light-duty highway vehicle 
exhaust 439.0 427.0 
30 Heavy-duty diesel highway 
vehicle exhaust 25.8 157.0 
31 Heavy-duty gasoline highway 
vehicle exhaust 18.6 35.7 
Group (4) Statloury Source NO. Control ... 
Hon-Ca.alytic HR, Injection 
32 Refinery boilers and heaters 40.3 
33 Utility boilers 57.6 
34 Non-refinery industrial boilers 35.0 
35 Cement kilns 9.7 
36 Glass melting furnaces 3.2 
Group (5) Stationary Source NO. CODlrol-
Selectiye Catalytic RedllctloD 
37 Refinery boilers and heaters 40.3 
38 Utility boilers ·57.6 
39 Non-refinery industrial boilers 35.0 
40 Cement JdJns 9.7 
41 Stationary industtiallC engines 74.2 
42 Glass melting furnaces 3.2 
Notes 
(a) THe equals Total Hydrocarbon emissions; in aU cases except landfill gas leak 
reduction and oil and gas weJl leak reduction. THe =:: RHC (Reactive Hydrocar· 
bon emissions). Landfill emissions are mostly methane. with only 1.4" non-
methane hydrocarbons. Only the non-methane hydrocarbon (NMHC) data are 
used by the air quality model. and the % cQntrol shown applies to the NMHC 
content of the ~missions on~y. 
(b) Computed by multiplying vehicle miles traveled (VMT) per day times 0.7 glmi 
NOli and 0.41 g/ml THe. NHl emiSSions become 9.14 metric tons/day. 
(c) Computed by taking emissions from a new (undeteriorated) 1984 heavy diesel 
truck as representing 6.5 glBHP·hr NO ... and also as equaUng 10.31 glmi NOJ" 
Rallo gives scale factor of 1.59 g mi-I/(g/BHP·hr) NOli' If entire fleet achieves 
10.7 g/BHP-hr NOli (representing a fleet average of 1984 trucks with deteriora-
tion) then emissitms factor for entire fleet would be 17.0 glm!. Emissions com-
puted by multiplying VMT for heavy diesel vehicles Urnes 17.0 glmi. Hydrocar-
bon emissions obtained by multiplying 2.65 glml Urnes heavy diesel vehicle 
YMT. 
(d) A new 1984 heavy gasoline truck emUs 4.25 g/mUe NOli corresponding to 6.94 
gJBHP-hr. Calculation proceeds as in note (c) above. 
(e) Computed by multiplying medium truck VMT per day Urnes 1.5 glmi NOli and 
0.6 glmi THe. NH] emissions become 0.55 metric tons/day. 
(f) Emmission reductions computed by procedure analogous to that for Group (2) 
Mobile Source ControlS (see notes (b). (c). or (dn. 
TOTAl. HYDROCARBONS 
TONS/OA1' REDUCED 
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1982 NH, 
Effect of Controls 
THC NO, NH, Notes 
Emissions Change Change Change and (lOn/day) Control Measure (")'.) (")'.' (")'.' References 
2.8 
0.02 
(0.1) 
(0.5) 
(1.6) 
(0.65) 
(0.5) 
(1.6) 
(0.65) 
Entire fleet meets objective of -84.8 -84.8 +222 
0.40 g/mi NOli and 
0.41 g/m! THe (NH3 emissions held 
at 0.035 g/km). 
Entire fleet meets objective of -30.0 -65 0 
5.1 g NO,/BHP·hr and 
2.65 glml THe. 
. Enufe fleet meets objective of -49.2 -69 0 
5.1 g NO,lBHP·hr and 
2.65 glm! THe. 
Direct NH3 il'\iection. -so +869 
Direct NH3 injection. -40 +344 
Direct NH3 injection + -55 +392 
combUstion modification. 
Direct NH3 irijection. -SO + 
Direct NHl injection. -SO + 
Selective catalytic reduction. -44 + small 
Selective catalytic reduction. -90 + small 
SCR plus combustion modification. -92 + small 
Selective catalytic reduction. -90 + small 
Use of cataytic converters. -66.7 + small 
Selective catalytic reduction. -90.0 + small 
(g) NH3 breakthrough is assumed to be SO ppm NHl for reduction of 75 ppm NOli 
(50%). final NH3 emission is 5.04 metric tons/day. 
(h) NH] breakthrough is 50 ppm NH) giving total NH3 emissions of 7.1 metric 
tons/day_ 
0) Estimated based on utility bailer performance. see note (h) and reference 10. 
(1) SCR achieves 90% NO~ control but is applied only to the Jargest units. yielding 
44% reduction reJative to the entire source class. 
(k) Ammonia bleed-through is 12 ppm. 
(I) 25" control by combustion modification plus 90% control via SCR. see note (k) 
and also control measure 21 in Table 1 above. Rule-making process would 
probably choose to exclude smaller boilers. but no indication is yet given of 
where the line would be drawn. NH] break· through assumed to be 12 ppm. 
(m) Percent change in emissions is defined as follows: -84% implies that (1 -
84/100) _ 0.16 times original 1982 emission rate remains after control; +222% 
implies that (1 + 222/100) - 3.22 times original 1982 emission rate remains 
after control. 
NITROGEN OXIDES 
TONSI MY REDUCED 
(f) 
7.8 
(f) 
9 
(f) 
9 
(g) 4 
(h).IO 
(i) 
10 
II 
01.12 
(k).!3 
(1).13 
II 
14 
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test, followed by repairs to the vehicle designed to correct defects observed also is 
included among the relatively simple control measures in Group l. 
Two further levels of mobile source NO x control were considered. At the 
Group 2 level in Table 1, the entire light duty vehicle fleet was assumed to have 
achieved a NO x emission rate of 0.7 g mi-1, while the NO x emissions from medium 
duty trucks were assumed to be reduced to 1.5 g mi-l, and the NO x emissions from 
heavy duty trucks were assumed to be reduced to 10.7 g/BHP-hr. There are two 
ways that one could view this case with 0.7 g mi-1 NO x emitted from the light duty 
vehicle fleet. Since new cars sold in California must presently meet a 0.7 g mi- I NO x 
standard, this level of control could be used to approximate a successful comple-
tion of conversion of the entire vehicle fleet to meet current regulatory objectives 
for new cars, in combination with a high level of catalyst system durability and 
maintenance. In the absence of high durability and maintenance. catalyst system 
deterioration can be expected to increase actual on-road emissions to levels above 
legal objectives. The 0.7 g/mile NO x fleet-wide emission rate employed here closely 
approximates the introduction of a fleet of cars initially set to achieve 0.4 g/mi NO" 
when new, followed by a typical degree of control system deterioration in the 
hands of the final consumer. The 10.7 g/BHP-hr NO x objective for heavy du ty trucks 
reflects an intermediate level of control proposed by the U.S. Environmental Protec-
tion Agency (9). 
Mobile source controls shown in Group 3 reflect the emissions pattern that 
would result if the 0.4 g/mi NO x and 0.41 g/mi total hydrocarbon (THC) emission 
rate for light duty vehicles called for under the Clean Air Act in fact were achieved 
and maintained by the vehicle fleet. Increased control system durability or mainte-
nance would be needed for this event to occur. Further NO x reductions from heavy 
duty vehicles have been added to Group 3, at the most stringent level discussed by 
the federal government (9). 
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NO x emission reductions from stationary combustion sources can be achieved 
by non-catalytic ammonia injection into the stack exhaust within a narrow exhaust 
temperature range. This direct NH3 injection technology has been demonstrated on 
a utility boiler in the Los Angeles area (10). NO x emission reductions in the vicinity 
of 50% are observed. accompanied by significant bleed-through of NH3 into the 
atmosphere. Group 4 controls in Table 1 simulate the installation of such controls 
on all of the largest stationary combustion sources in the South Coast Air Basin. A 
major objective of our analysis of this group of controls is to determine if aerosol 
nitrate formation would be suppressed or enhanced by this NO x emission reduction 
combined with NH3 emission increase. 
Selective catalytic reduction (SCR) technology involves NO x abatement by 
injection of NH3 into stationary source exhaust in the presence of a catalyst. Con-
trol efficiencies are generally higher than in the case of the direct non-catalytic NH3 
injection systems cited in control Group 4, and NH3 bleed-through into the atmo-
sphere is reduced. The effect of SCR technology applied to a variety of stationary 
sources in the Los Angeles area is indicated in Group 5 of Table l. 
By applying the controls in Table 1 in various combinations, a matrix of control 
opportunities can be constructed that represents the trade-off between increasingly 
stringent stationary source control vs. increasingly stringent mobile source control, 
as shown in Table 2. Ten cases will be defined. Beginning near the upper left 
corner of Table 2, the Base Case 1982 emission inventory first will be perturbed by 
applying the Group 1 controls from Table 1 to the emission sources. Moving from 
left to right across the top of the table, increasingly stringent mobile source con-
trols are added to the Group 1 stationary source controls. Moving from top to bot-
tom along the left edge of the table, increaSingly demanding stationary source NO" 
controls are added to a minimal motor vehicle control program. At the lower right 
corner of that table. the intersection of all of the most stringent mobile and station-
Table 2. Combinations of mobile and ~tationary source controls that will be 
examined for their effect on air quality in the South Coast Air Basin. 
Control measures refer to the control measures numbered in Table 1. 
Labels on columns and rows of this table are indicative of the 
maximum degree of NO
x 
control required. 
BASE CASE 
1982 Emissions (tons/day) 
THC 2416 
RHC 1224 
NO 1120 
NH; 164 
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AOMP 
EVAPORATIVE 
CONTROLS 6 
COMBUSTION 
MODIFICATION 
AOMP + 
NON-CATALYTIC 
AMMONIA 
INJECTION 
AOMP + 
SELECTIVE 
CATALYTIC 
REDUCTION 
MOB I LE SOURCE CONTROLS 
VEHICLE 
INSPECTION 
AND 
MAINTENANCE 
Control Measures: 
1-24 
Effect on Emissions: 
RIlC -9.3':1. 
NO -5.4':1. 
x NH3 No change 
Control Measures: 
I-1B, 20, 24, 32-36 
Effect on Emissions: 
RHC -9.3':1. 
NO -10.0':1. 
NH; +B.7':I. 
Control Measures: 
1-1B, 20, 24, 37-42 
Effect on Emissions: 
RIlC -9.3':1. 
NO -lB.4% 
Nil; +0.7% 
LIGHT DUTY FLEET 
0.41 g/mi THe; 
0.7g/mi NOx 
HEAVY DUTY FLEET 
2.65g/mi THe 
10.7g/bhp-hr NOx 
Control Measures: 
1-28 
Effect on Emissions: 
RHC -37.2':1. 
NO -36.6':1. 
NH~ +3.9% 
Control Measures: 
1-1B, 20, 24-28, 32-36 
Effect on Emissions: 
RHC -37. 2·/. 
NO -41.2':1. 
NIl~ +12.7"1. 
Control Measures: 
1-lB, 20, 24-28, 37-42 
Effect on Emissions: 
RHC -37.2':1. 
NO -49.6':1. 
NIl~ +4.7':1. 
LIGHT DUTY FLEET 
0.4tg/mi THe; 
OAg/mi NOx 
HEAVY DUTY FLEET 
2.65g/mi THe 
5.' g/bhp-hr NOx 
Control Measures: 
1-24, 28-31 
Effect on Emissions: 
RHC -37.2':1. 
NO -47.6% 
NH~ +3.9':1. 
Control Measures: 
1-1B, 20, 24, 2B-36 
Effect on Emissions: 
RIlC -37.2% 
NO -52.2':1. 
NH~ +12.7':1. 
Control Measures: 
I-1B, 20, 24, 2B-31, 
37-42 
Effect on Emissions: 
RHC -37.2':1. 
NO -60.6':1. 
NH; +4.7% 
...... 
N 
N 
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ary source controls is applied. The headings aligned with the columns and rows of 
Table 2 are suggestive of the maximum cumulative degree of NO x control achieved 
in each case; the hydrocarbon controls shown in Table 1 also are included. 
The tenth perturbed case examined here explores the effect of NH3 emission 
reduction alone. The Base Case 1982 emission inventory for NO x and hydrocarbons 
remains untouched, but all of the NH3 emissions from livestock waste decomposi-
tion and farming activities in the air basin are removed. This perturbation com-
pletely eliminates the large spike in the NH3 inventory centered over the Chino 
dairy area in western Riverside and San Bernardino Counties (see Figure 2 of refer-
ence 1). That emission reduction may occur in the near future without the action of 
governmental air pollution control agencies. Rapid urban development in that area 
of both counties could displace the dairy industry within a few years. 
3. The Effect of Emission Controls 
The grid-based air quality model evaluated in Part I of this study (1) was used 
to determine the effects on air quality that could be expected if each of the combi-
nations of emission control measures defined in Table 2 were applied in the South 
Coast Air Basin (SoCAB). For each set of control measures considered, the Base 
Case 1982 emission inventory for the SoCAB discussed in references (1) and (15) 
was modified to reflect the addition of that particular group of control measures. 
Then the air quality modeling calculations were executed over two days of simula-
tion using the modified emission inventory along with the meteorological condi-
tions observed during the Base Case model verification days (August 30-31, 1982). 
The initial conditions and boundary conditions supplied to the air quality 
model in each case were identical to those observed during August 30-31, 1982, as 
described in referenc~ (1). The purpose of the first day of each two-day simulation 
was to establish initial conditions for the second day of calculations that reflect the 
altered emissions into the air basin. The effect of emission controls on air quality 
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then was determined by comparison between Base Case and post-control air quality 
predictions for the second day of each two-day simulation. As changes in emission 
controls might affect the boundary conditions supplied to the model, a perturbation 
analysis of the effect of altered boundary conditions was conducted. Reducing the 
inflow 0 3 boundary conditions from those observed on August 30-31, 1982, to 0.04 
ppm all around the border of the modeling region reduced Base Case peak 0 3 con-
centrations by only 0.01 ppm. Inflow NO x boundary conditions on August 30-31, 
1982, were examined and found to be very low except along a small stretch of the 
southeast corner of the grid system. In summary, predicted changes in air quality 
on the second day of simulation are determined predominantly by changes in emis-
sions into the model and not by altered initial or boundary conditions. 
The results of this comparison of alterative emission control strategies are 
presented in several formats. First, an account of the changes in basin-wide peak 
I-hr average pollutant concentrations is given in Table 3. Base Case peak pollutant 
levels as they were calculated for August 31, 1982 in the absence of further emis-
sion controls are stated in the upper left hand corner of that table. Then for each 
combination of emission controls as defined in Table 2, the predicted basin-wide 
peak values are given, both in absolute concentration units and as a percent devia-
tion from the pre-control Base Case. Since the effect of some control measures is to 
change the location or timing of the basin-wide peaks, the values shown in Table 3 
may not be typical of the effects seen at most air monitoring sites. Therefore in 
Table 4, the average change in the peak I-hr pollutant concentrations at the 20 sites 
shown in Figure 1 is given, along with the range of the changes observed between 
the least affected and most affected air monitoring stations. 
As seen in the upper left corner of the matrix of control opportunities in Table 
2, completion of the stationary source evaporative hydrocarbon controls that are a 
part of the 1982 AQMP for the Los Angeles area, plus stationary source combustion 
Table 3. Effect of emission controls on basin-wide peak 1-hr average pollutant concen-
trations in the South Coast Air Basin, August 31, 1982. The combinations of 
emission control technologies considered in each cell of this matrix are 
defined in Tables 1 and 2. Values shown are the peak I-hr average concentra-
tions in the presence of the emission controls, followed by the % change 
relative to the Base Case (in parentheses). 
BASE CASE 
N02 0.156 ppm 
TN 0.036 ppm 
HN03 0.024 p~~ 
AN 91 Ilg m 
PAN 0.021 ppm 
OJ 0.26 ppm 
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(f) 
AQMP 
EVAPORATIVE 
CONTROLS a 
COMBUSTION 
MODifiCATION 
AQMP + 
NON-CATALYTIC 
AMMONIA 
INJECTION 
AQMP + 
SELECTIVE 
CATALYTIC 
REDUCTION 
MOB ILE SOURCE CONTROLS 
VEHICLE 
INSPECTION 
AND 
MAINTENANCE 
N02 0.150 ppm (-4.0%) 
TN 0.033 ppm (-6.8%) 
HNOJ 0.022 ppm (-9.2%) AN 85 Ilg m-J (-5.5%) 
PAN 0.020 ppm (-2.2%) 
03 0.255 ppm (-1.6%) 
N02 0.152 ppm (-2.6%) 
TN 0.033 ppm {-6.1%} 
HNOJ 0.021 pp~ (-13%) AN 81 ~g m- (-8.8%) 
PAN 0.020 ppm.(-2.~k) 
03 0.254 ppm (-1.8%) 
N02 0.155 ppm (-0.5%) 
TN 0.032 ppm (-9.2%) 
HN03 0.020 ppm (-13%) AN 78 Ilg m- 3 (-147.) 
PAN 0.020 ppm (-4.6%) 
03 0.251 ppm (-3.1%) 
LIGHT DUTY FLEET 
O.4~ g/mi THe. 
O.1g/mi N0l! 
HEAVY DUTY FLEET 
2.65g/mi THe 
to.7g/bhp-hr NOl( 
N02 0.123 ppm (-21%) TN 0.021 ppm (-41%) 
HNOJ 0.013 ppm (-44%) AN 55 ~g m-3 (-39%) 
PAN 0.018 ppm (-14%) 
03 0.230 ppm (-11%) 
N02 0.118 ppm (-24%) 
TN 0.020 ppm (-42%) 
HN03 0.013 ppm (-45%) AN 52 Ilg m-3 (-41%) 
PAN 0.018 ppm (-15%) 
03 0.230 ppm (-11%) 
N02 0.117 ppm (-25%) 
TN 0.019 ppm (-47%) 
HN03 0.012 pp~ (-50%) AN 48 Ilg m- (-47%) 
PAN 0.017 ppm (-18%) 
03 0.224 ppm (-13%) 
LIGHT DUTY FLEET 
0.41g/mi THe; 
O.4g/mi NOli 
HEAVY DUTY FLEET 
2.65g/mi THe 
5 •• g/bhp-hr NOli 
N02 0.089 ppm (-43%) 
TN 0.018 ppm (-48%) 
HN03 0.011 ppm (-55%) AN 49 ~g m-3 (-47%) 
PAN 0.017 ppm (-l~k) 
03 0.221 ppm (-15%) 
N02 0.090 ppm (-42%) 
TN 0.017 ppm (-52%) 
HN03 0.010 ppm (-5,k) AN 46 Ilg m-3 (-48%) 
PAN 0.016 ppm (-20%) 
03 0.219 ppm (-15%) 
N02 0.073 ppm (-53%) TN 0.014 ppm (-59%) 
HN03 0.009 pp~ (-59%) AN 39 ~g m- (-57%) 
PAN 0.016 ppm (-22%) 
03 0.215 ppm (-17%) 
f-" 
tv 
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Table 4. Effect of emission controls on peak I-hr average pollutant concentrations 
observed at the 20 sites shown in Figure 1. Values shown are averages 
over the 20 sites, followed by the range of the values observed among 
BASE CASE 
N02 0.087 ppm(0.135-0.029 ppm) TN 0.022 ppm(0.031-0.009 ppm) 
HN03 0.012 ppm(0.021-0.006 ppm) 
NH3 0.070 pe~(0.668~~.010 PP~j 
AN 42\lgm (85\lgm -16\lgm 
PAN 0.011 ppm(0.018-0.006 ppm) 
03 0.170 ppm(0.233-0.110 ppm) 
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AOMP 
EVAPORATIVE 
CONTROLS a 
COMBUSTION 
MODIFICATION 
AOMP + 
NON-CATALYTIC 
AMMONIA 
INJECTION 
AQMP + 
SELECTIVE 
CATALYTIC 
REDUCTION 
the 20 sites (in parentheses). Aerosol nitrate concentrations shown 
are computed as if the aerosol is pure NH4N03 • 
MOBILE SOURCE CONTROLS 
VEHICLE 
INSPECTION 
AND 
MAINTENANCE 
N02 -5.1% (-8.3% to -1.4%) 
TN -4.8% (-7.4% to -3.0%) 
HN03 -4.1% (-7.0% to -0.9%) NH3 +1.0% (-3.5% to +10.1%) 
AN -3.4% (-6.7% to -1.1%) 
PAN -2.7% (-4.3% to -0.6%) 
03 -1.8% (-2.9% to -0.7%) 
N02 -5.9% (-9.1% to -0.04%) 
TN -5.5% (-8.4% to -3.2%) 
HN03 -9.3% (-25.0% to -3.6%) NH3 +17.3% (-15.8% to +60.5%) 
AN +3.7% (-7.7% to +20.7%) 
PAN -2.0% (-4.2% to +2.2%) 
03 -1.7% (-3.1% to +0.6%) 
N02 -8.5% (-14.9% to -1.8%) 
TN -8.9% (-14.310 to -5.0%) 
HN03 -9.9% (-13.3% to -6.0%) NH3 +4.0% (-13.4% to +25.0%) 
AN -4.8% (-13.8% to +3.2%) 
PAN +0.4% (-7.1% .to +7.7%) 
03 -1.4% (-4.9% to +3.0%) 
LIGHT DUTY FLEET 
0.41 g/mi THe; 
0.7g/mi NOx 
HEAVY DUTY FLEET 
2.65g/mi THe 
10.7g/bhp-hr NOx 
N02 -37.4% (-49.7% to -19.1%) 
TN -35.7% (-41.2% to -22.1%) 
HN03 -31.8% (-46.5% to -14.8%) NH3 +10.6% (-4.1% to +29.8%) 
AN -22.7% (-40.1% to -4.4%) 
PAN -15.6% (-25.7% to -1.3%) 
o~ -11.7% (-18.9% to -4.1%) 
N02 -38.4% (-50.9% to -19.0%) 
TN -36.7% (-41.8% to -22.4%) 
HN03 -34.4% (-49.0% to -21.0%) NH3 +27.9% (-7.3% to +68.0%) 
AN -19.0% (-39.0% to +3.3%) 
PAN -15.3% (-25.1% to -0.1%) 
03 -11.7% (-19.0% to -1.6%) 
N02 
TN 
HN03 NH3 
AN 
PAN 
°3 
-42.4% (-55.3% to -21.4%) 
-41.3% (-46.9% to -25.5%) 
-37.7% (-51.0% to -21.2%) 
+12.6% (-8.2% to +36.0%) 
-27.6% (-46.8% to -8.6%) 
-14.3% (-27.6% to +1.0%) 
-12.6% (-22.2% to -2.W/.) 
LIGHT DUTY FLEET 
0.41g/mi THe; 
O.4g/mi NOx 
HEAVY DUTY FLEET 
2.65g/mi THe 
5.1 g/bhp-hr NOx 
N02 -45.6% (-59.5% to -26.1%) 
TN -45.6% (-52.8% to -26.8%) 
HN03 -40.0% (-53.7% to -18.6%) NH3 +9.0% (-5.9% to +27.4%) 
AN -34.0% (-52.8% to -17.1%) 
PAN -14.3% (-28.8% to +2.1%) 
03 -12.8% (-23.6% to -1.1%) 
N02 -46.0//. (-59.8% to -27.2%) 
TN -46.8% (-54.5% to -28.2%) 
HN03 -42.5% (-55.7% to -24.9%) NH3 +28.0% (_8.5% to +67.4%) 
AN -31.2% (-54.1% to -9.0%) 
PAN -14.3% (-30.0% to +3.1%) 
03 -13.4% (-24.4% to -1.2%) 
N02 -51.9% (-67.4% to -27.8%) 
TN -52.3% (-60.0% to -33.1%) 
HN03 -47.3% (-60.7% to -27.1%) NH3 +13.7% (-6.6% to +38.5%) 
AN -39.6% (-59.8% to -24.2%) 
PAN -14.8% (-36.0% to +7.2%) 
03 -15.0% (-28.2% to -0.7%) 
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modifications and a vehicle maintenance program would result in a 5.4% reduction 
in basin-wide NO x emissions and a 9.3% reduction in reactive hydrocarbon (RHC) 
emissions. Comparison to Table 4 shows that the I-hr peak levels of N02 and TN 
typically drop by an amount that is roughly proportional to the change in NO x emis-
sions. The greatest percentage decreases in total inorganic nitrate (TN) levels occur 
in the eastern portion of the air basin (from Pomona: TN = -5.5% to Rubidoux: TN = 
-7.4%). while TN levels decline by only 3% to 5% in the western part of the air basin. 
The effect on HN03 and AN levels likewise is highest in the eastern portion of the 
air basin. 0 3 and PAN levels in this case decline by only 1.6% and 2.2% at the loca-
tion of the basin-wide I-hr peak. a reduction that is less than proportional to the 
degree of emission control achieved for either RHC or NO x' 
The effect of progressively more stringent NO x controls on stationary sources 
alone is observed by moving down the left edge of Tables 2.3 and 4. Addition of 
non-catalytic ammonia injection technology at major stationary NO x sources com-
bined with AQMP hydrocarbon controls produces a net 10% reduction in basin-wide 
NO x emissions along with a +8.7% increase in basin-wide NH3 emissions. as seen in 
Table 2. Most of these emissions changes occur in the heavily industrialized 
western portion of the air basin. which has very low ambient NH3 levels at present 
(see Figures 2. 3 and 5 of reference l). As a result of the NH3 emissions from the 
ammonia injection systems. peak I-hr average ambient NH3 levels near industrial 
areas at the coast (Long Beach and Lennox) rise by nearly 60%. while ambient NH3 
levels at central Los Angeles. La Habra. Anaheim and Pico Rivera rise by 25% or 
more. HN03 levels drop by as much as 25% at Lennox. and by more than 13% at 
central Los Angeles. Anaheim. La Habra and Pico Rivera. but this is largely due to 
the formation of additional aerosol nitrates by reaction of HN03 with the increased 
NH3. Peak I-hr average aerosol nitrate levels rise by 14% to 21% at central Los 
Angeles. Long Beach and Lennox in the presence of this NH3 emission increase. 
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Farther downwind, in the vicinity of the Chino dairy area where the air is already 
loaded with very high NH3 levels even in the Base Case (e.g., 0.67 ppm I-hr peak at 
Chino, see Table 4), the reduction in NOx emissions achieved through this combina-
tion of controls that includes non-catalytic NH3 injection at upwind sources does 
act to reduce TN and aerosol nitrate levels by 7% to 8%. In summary, use of non-
catalytic ammonia injection technology for NOx emission reduction has the poten-
tial to degrade NH3 and aerosol nitrate air quality in the industrialized western por-
tion of the South Coast Air Basin, accompanied by aerosol nitrate concentration 
reductions in already NH 3-enriched agricultural areas downwind. 
Through addition of selective catalytic reduction (SCR) technology on station-
ary sources, combined with AQMP hydrocarbon controls, an 18% reduction in 
basin-wide NOx emissions is achieved relative to Base Case 1982 emissions accom-
panied by only a 0.7% increase in NH3 emissions (lower left corner, Tables 2, 3 and 
4). These stationary source NOx reductions are concentrated at a few major point 
source locations (e.g. power plants and petroleum refineries). As a result, the effect 
of these controls varies greatly between monitoring sites. When SCR is aQded to 
major point sources, N0 2 concentration reductions of 12% to 15% occur at Burbank, 
Long Beach, Azusa and Anaheim. Typically, N0 2 levels in that case decline by 8.5% 
averaged over the 20 locations cited in Figure 1 and Table 4. At the location of the 
basin-wide N0 2 concentration peak, and at Upland and Fontana, N0 2 concentration 
reductions are small (2.6% or less). Total inorganic nitrate concentration improve-
ments show less variability between monitoring sites: TN levels decline by 11 % to 
14% in the eastern portion of the air basin (from Pomona to Rubidoux), and by 5% 
to 10% in the western area of the basin. Reductions in basin-wide I-hr peak HN0 3 
and AN levels of 13% and 14% respectively also are achieved. The basin-wide peak 
0 3 and PAN concentrations decline slightly as stationary source NOxcontrols are 
applied. At 5 of the sites shown in Figure 1 in the area from central Los Angeles 
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and Pasadena to La Habra, addition of SCR on stationary sources alone causes peak 
I-hr 0 3 levels to increase relative to the Base Case. but that increase is +3% or less. 
PAN air quality changes by amounts that are less than proportional to the NO x 
reduction achieved. with 7 of the 20 sites studied experiencing a PAN increase. In 
short. with addition of SCR technology on stationary sources alone. improvements 
in many NOx-related species concentrations are achieved. Those improvements are 
less than proportional to the NO x emissions change. and are accompanied by slight 
increases in 0 3 and PAN at a few locations. 
The effect of progressively more stringent mobile source controls alone can be 
examined by moving from left to right across the upper row of Tables 2. 3 and 4. 
As seen in Table 2. complete conversion of the vehicle fleet to an intermediate level 
of mobile source control (light-duty fleet meets 0.41 g/mi THC; 0.7 g/mi NO x along 
with additional heavy-duty vehicle controls plus AQMP stationary source controls) 
would result in a 37% reduction in basin-wide NO x emissions and a 37% reduction 
in RHC emissions relative to the Base Case. Tables 3 and 4 show that major 
improvements in TN. HN0 3 and AN levels would result. with improvements almost 
directly proportional to the NO" emission reduction achieved. Basin-wide peak 0 3 
and PAN concentrations both decline by 11 % and 14% respectively. 
Further reduction in NO x emissions from motor vehicles alone is examined in 
the upper right hand corner of Tables 2. 3 and 4. If a 0.4 g/mi NO" emission rate 
from the light-duty fleet had been achieved in 1982 along with strict heavy truck 
NO" controls. NO" emissions would have been reduced by 48% relative to the base 
case. with similar major improvements in ambient N0 2• TN. HN0 3 and AN concentra-
tions. 0 3 and PAN concentrations both decline as additional NO" controls are added 
to the vehicle fleet without further hydrocarbon controls beyond the 0.41 g/mi THC 
light-duty vehicle standard examined in the preceding square on the top row of 
Table 2. 
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As seen in the lower right hand corner of Table 2, the simultaneous use of all 
mobile and stationary source control measures considered here would reduce NO x 
emissions relative to the base case by 61% in the presence of a 37% decline in RHC 
emissions. This combination of controls is more effective than controls on either 
the mobile or stationary sources alone. Basin-wide peak total inorganic nitrate, 
HN03 and aerosol nitrate concentrations are reduced by nearly 60%. Basin-wide 
peak N0 2 concentrations are reduced by 53%. A 17% reduction in the basin-wide 
peak 0 3 concentration is achieved. The I-hr 0 3 concentration peak is reduced rela-
tive to the Base Case at every site shown in Figure 1. 
As is quickly seen from Tables 3 and 4, the simultaneous use of all of the 
mobile and stationary source control measures considered produces major 
improvements in many air quality parameters at the time of the daily pollutant con-
centration peaks. The performance of that combination of control measures is 
explored in detail in Figures 2-7. Figure 2 gives the spatial distribution of pollutant 
concentrations in the presence of the maximum degree of NO x control studied. By 
subtracting these pollutant levels from the spatial distribution of concentrations 
predicted by the Base Case simulation (see Figure 3 of reference 1) it is possible to 
define the spatial distribution of pollutant concentration changes experienced due 
to the emission controls, as seen in Figure 3. Figures 4, 5 and 6 permit rapid visual-
ization of changes in the diurnal pattern of pollutant levels at key monitoring sites 
characteristic of the western and eastern portions of the air basin. In Figure 7, the 
effect of this set of emissions controls on 24-hour average pollutant levels is 
explored. 
One effect of the maximum degree of mobile and stationary source control 
considered in this study (case in lower right corner of Table 2) is to preferentially 
reduce the N0 2 concentrations during the early morning peak hours of the day at 
sites in the western portion of the air basin, like Los Angeles, and Anaheim, as seen 
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in Figures 3 and 4. NOz concentrations which exceeded 0.15 ppm during early 
morning hours under Base Case conditions have been reduced by more than 0.06 
ppm at 0800 hours PST throughout much of the western area of the basin, and by as 
much as 0.10 ppm in portions of coastal Orange County, as seen in Figure 3. At 
sites in the eastern area of the basin, at Upland, Rubidoux and San Bernardino, NO z 
levels are reduced by large percentage amounts throughout the entire 24-hour 
period studied (Figure 4). As a result, 24-hour average NO z levels decline by 
between 40% and 60% throughout nearly the entire on-land portion of the air basin 
as seen in Figure 7. 
The effect of NO x emission controls on total inorganic nitrate levels is felt to 
the greatest extent in the central and eastern portions of the air basin. As seen in 
Figure 3, TN concentration reductions in excess of 16 ppb occur in the inland areas 
throughout the morning hours in response to the maximum degree of NO" control 
studied here. 
The partition of this inorganic nitrate air quality improvement between reduc-
tions in gas phase HN03 versus reductions in aerosol nitrate'is determined by co-
occurring NH3 concentrations. In the western portion of the air basin, HN03 reduc-
tions, especially in the morning hours, are proportionally greater than aerosol 
nitrate reductions, as shown at Los Angeles in Figure 5. The use of selective cata-
lytic reduction technology plus more effective reducing catalysts on mobile sources 
leads to a small increase in NH3 emissions. While that NH3 increase is very minor 
compared to basin-wide NH3 emissions, the NH3 emissions increase by a significant 
percentage in the NHrstarved western urban area of the air basin (see the spatial 
distribution of Base Case NH3 emissions in Figure 2 of reference (1)). NH3 concen-
trations at sites like downtown Los Angeles that are located in the immediate vicin-
ity of stationary combustion sources and heavy traffic density experience a rough 
doubling of base case NH3 levels during the morning traffic peak hours. The pro-
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duct of the NH3 and HN03 concentrations is limited by the equilibrium dissociation 
constant for the NH 4N03-NH3-HN03 system (16). The NH3 concentration increase 
shifts the equilibrium HN03 concentration downward, while favoring aerosol nitrate 
formation. However, the same emission controls that produce the NH3 emission 
increase also reduce N02 and TN concentrations by enough that a net increase in 
aerosol nitrate concentrations is not observed. Instead, both HN03 and AN decline 
in the western part of the air basin, but the HN03 reduction is more pronounced 
and begins in the morning as NH3 levels rise, while the aerosol nitrate reduction 
relative to the base case occurs later in the day. In the central portion of the air 
basin, the combination of a major decrease in TN formation along with a small 
increase in NH3 emissions is manifested by greater than a 10 ppb reduction in HN03 
concentrations in the late morning and early afternoon (Figure 3). 
In the eastern area of the air basin, Base Case NH3 concentrations due to dairy 
farming and other agricultural sources are so high that a small change in upwind 
NH3 emissions does not affect ambient NH3 levels by more than a few percent. 
Again, the amount of gas phase HN03 is limited by the co-occurring ammonia levels. 
In this case the post-control NH3 levels are nearly unchanged as a percentage of the 
pre-control NH3 levels and as a result, HN03 concentrations do not change greatly. 
The large drop in TN levels at Rubidoux and San Bernardino that occurs when all 
available RHC and NO x emission controls are applied thus is reflected in a major 
reduction in aerosol nitrate levels, and to a lesser degree by reduced HN0 3 concen-
trations as seen in Figure 5. At eastern basin sites, aerosol nitrate levels are 
reduced throughout the day, not just during peak hours. 
The effect of RHC and NO" controls on 0 3 air quality has been a matter of con-
siderable debate (15-22). Most recent studies (15, 22) agree that large NO~ reduc-
tions (above 19%) in the Los Angeles area combined with moderate RHC controls 
will produce lower 0 3 levels in the downwind and eastern areas of the SoCAB near 
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Rubidoux and San Bernardino where the highest 0 3 levels often are observed. Con-
cern has been voiced, however. that if NO x emissions are controlled to the max-
imum extent possible. then 0 3 levels will rise in the western portion of the air basin 
(22). 
The results of the present study indicate that the maximum degree of NO x and 
RHC control studied here produces significant 0 3 reductions in the eastern area of 
the South Coast Air Basin. The peak measured and predicted 0 3 levels on August 
31, 1982 that occurred at Rubidoux and at San Bernardino would be reduced sub-
stantially as seen in Figure 6. Peak I-hour average 0 3 levels in this case decline 
relative to the Base Case by 25% or more at Pomona, Chino, Norco, Upland, Fontana 
and Rubidoux, and by 21 % at Azusa. The additional NO x emission reductions 
achieved when moving from the group of control measures specified in the center 
column of Table 2 to the right hand column of Table 2 leads to reduced 0 3 levels in 
the high-03 concentration zone at the eastern end of the air basin without addition 
of further hydrocarbon emission controls. 
At all western urban sites. 0 3 concentrations respond to this package of emis-
sion controls in a manner like that shown for central Los Angeles and Anaheim in 
Figure 6. In the presence of stringent NOy controls. 0 3 levels begin to rise at a 
slightly earlier hour in the morning due to less effective scavenging of 0 3 by fresh 
NO emissions during the early morning traffic peak. Peak 0 3 levels are decreased 
at all sites at midday. as mentioned previously. Then 0 3 levels at western basin 
sites exceed 1982 Base Case concentrations for a short period in the afternoon in 
the presence of stringent NOy controls, again due to less effective 0 3 scavenging 
processes in the presence of the NOy controls. If viewed on a 24-hour average 
basis. 0 3 concentrations do rise slightly in the western area of the air basin in 
response to this control program. as seen in Figure 7. But since 0 3 concentration 
standards are written to control peak I-hour averages and since peak 0 3 values 
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decline at all stations, it is unclear that this change in 24-hour average 0 3 concentra-
tions is of any regulatory'consequence. In summary, the change in total 0 3 dose 
received by western basin residents due to the NO x control program studied is very 
small: the areas under the pre-control and post-control 0 3 concentration time series 
graphs are practically the same. The high 0 3 dose received by residents in the 
Azusa, Pomona, Riverside and San Bernardino areas, however, is significantly 
reduced by the combination of emission controls given in the lower right corner of 
Table 2. 
The final alteration in emissions studied involves removal of all agriculture-
related NH3 emissions from the Base Case 1982 emission inventory given in refer-
ence (15). NH3 emissions from livestock waste decomposition in the Chino dairy 
area and elsewhere are suppressed, as are NH3 emissions frQm chemical fertilizer 
application at farms. This type of change in emissions could occur as increasing 
urbanization displaces agricultural activities in the air basin. This alteration in NH3 
levels alone does not affect atmospheric N0 2, 0 3 and PAN concentrations. Ammonia 
concentrations decline by 87% to 91% at Chino and Upland in the immediate vicin-
ity of the dairy farms, and by about 70% at Rubidoux and San Bernardino 
downwind. Aerosol nitrate concentrations at San Bernardino, Fontana, Upland and 
Pomona decline by more than 50% as the agricultural NH3 emissions are 
suppressed. In response, HN03 levels increase at eastern basin locations by 43% to 
45% at San Bernardino and Upland, and by 89% to 100% at Fontana and Rubidoux. 
Suppression of aerosol nitrate formation without a corresponding decrease in NO x 
emissions acts to shift inorganic nitrate from the aerosol phase to gas phase HN03 . 
Total inorganic nitrate levels decline at Upland, Fontana and Rubidoux by 7% to 13% 
as this shift from AN to HN0 3 formation occurs, probably because the deposition 
velocity for HN0 3 is higher than for fine aerosols. 
142 
4. Summary and Conclusions 
Emission control measures that would reduce reactive hydrocarbon and NO x 
emissions in the Los Angeles area by up to 37% and 61 %, respectively, have been 
examined for their effects on air quality. In most cases studied, NO z and total inor-
ganic nitrate concentrations decline by amounts only slightly less than proportional 
to the degree of precursor NO x emission reduction. Peak I-hr average NO z and TN 
levels averaged over 20 monitoring sites would decline by more than 50% relative 
to 1982 Base Case conditions if the light-duty vehicle fleet in practice met the origi-
nally proposed federal exhaust emission standards (0.4 g/mi NO x and 0.41 g/mi 
THC) in conjunction with heavy-duty vehicle control, evaporative hydrocarbon con-
trols, plus installation of selective catalytic NO x reduction systems on major station-
ary sources. This reduction in inorganic nitrate levels would be reflected in major 
improvements in HN0 3 and aerosol nitrate air quality. 
The partition of inorganic nitrate air quality improvements between aerosol 
nitrate and HN0 3 can be affected by the choice of NO x emission controls. In partic-
ular, widespread use of non-catalytic NH3 injection technology for NO x emission 
control at stationary sources alone has the potential to increase aerosol nitrate for-
mation in near-source areas if significant co-ocurring bleed-through of NH3 to the 
atmosphere occurs. Selective catalytic reduction technology at stationary sources 
and advanced catalyst systems on vehicles also have the potential to increase NH3 
emissions, but in those cases the NH3 increase is so slight that the NO x emission 
decrease achieved through use of these devices will drive aerosol nitrate levels 
downward in spite of the added NH3 emissions. 
Installation of the most stringent set of NO x and RHC emission controls 
studied here causes peak l-hr average 0 3 concentrations to decline by 25% or more 
in the high 0 3 concentration areas of eastern Los Angeles, Riverside and San Bernar-
dino counties. The final increment of NO x control alone produces 0 3 concentration 
143 
improvements at the margin in the eastern portion of the air basin. In the western 
area of the air basin, near downtown Los Angeles. the most stringent package of 
NO x and RHC controls studied leaves Base Case 1982 peak I-hr average 0 3 concen-
trations practically unchanged. 
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APPENDIX 
Tabulation of Emission Factors. Activity Levels. 
and Ammonia Emission Rates 
TABLE A.l 
Emission Factors for Ammonia from Combustion Sources 
STATIONARY SOURCES 
Fuel Combustion 
Natural Gas 
Average of Los Angeles Source Tests 
New York Emission Inventory Emission Factor 
Literature Survey (1969) 
I.iterature Review (1956) 
Recent Source Test: 200,000 Btu/hr combustor 
(1) at 2% excess 02; 17 test avg 
(2) at 4% excess 02; 2] test avg 
(]) at 6% excess 02i 15 test avg 
Residual Fuel 011 
Average of Los Angeles Source Tests 
New York Emission Inventory Emission Factor 
Literature Survey (1956) 
Recent Source Test: 200,000 Btu/hr combustor 
at 2% excess air; avg of 2 tests 
Distillate OU 
New York Emission Inventory Emission Factor 
Coal 
Literature Review (1956) 
Mass Balance over N.W. Europe 
Re~ent Source Test: 200,000 Btu/hr 
comb~8tor at 4% excess air, 1 test 
Wood 
Literature Review (1956) 
VALUE REPORTED 
] 0.4 mg/m Nil in exhaust 
0.5 1b NH]/ldb ft 3 gag b~rned 
0.3 to 0.56 1b NH]/lO ft gas 
0.010 tons NU]/106ft] gas 
14.44 ppm NH] in exhaust 
6.00 ppm NU] in exhaust 
1.00 ppm NU] in exhaust 
3 0.4 mg/m NU] in exhaust 
1 lb/lOOO gal oil 
0.001 tons NII3/ton 011 
11.3 ppm in exhaust 
1 lb/lOOO gal oil 
2 Ib NIIJlton coal 
1.21 g NH3/920 g coal 
85 ppm NU3 in eJlthaust 
2.4 Ib NIIJlton wood 
REFERENCE 
(a) 
(b) 
(c) 
(d) 
(e) 
(e) 
(e) 
(a) 
(f) 
(g) 
(h) 
(1) 
(j) 
(k) 
(1) 
(m) 
EMISSION FACTOR 
(Kg NU]/109 Btu) 
0.119 
0.214 
0.128-0.240 
8.56 
].25 
1. ]51 
0.225 
0.125 
3.0] 
23.1 
2.8 
3.29 
37.8 
50 
"'20 
VALUE AIlOl'TElJ 
FOR EMISSION 
INVE~TORY9USE 
(Kg NH]/lO 8~u) 
3. 25 
1.35 
0.22 
2.8 
3.3 
38 
:J> 
f-' 
tv 
Notes: 
(a) 
(b) 
{d 
(d) 
(e) 
(0 
(g) 
(h) 
(1) 
(D 
(k) 
(1) 
(m) 
Hagill and Benoltcl (IYS2) 6 3 
Hovey, Rbman and Cunnan (l966) , Range reported 0.) to 20 lb 1</11)/10 ft natural gas 
Hiner (19b9); literature surv~y 
Wohler .. and Bell 0'156) 
Huzio and Arand (1976) 6 Huvey. Risman and Cunnan (1966); Range reported 0.06 Ib/1000 gal to 8 lb/1000 gal; converted at 0.011 scf prod/btu; 6.11 x 10 btu/bbl 
Wholers and Bell (1956); value appears high but note that data may ,be rounded up to O.UOI tons NIl)/ton oil 
Huzio and Arand (1976): 2 tests range 20 ppm - 2.54 ppm 6 
Ilovey, Risman and Cunnan (1966): converted at 0.011 scf prod/btu; 5.8 x 10 btu/bbl 
Wohlers and Bell (1956) 
Sodt!rlund (1977) 
Muzio and Arand (1976): combustion product data unavailable, converted from ppm to Kg/I09 btu in proportion to oil and 
natural gas data 
Wohlers and Bell (1956) 
;J> 
I-' 
LV 
NOTES: 
Age 
(yean) 
1 
2 
1 
4 
5 
6 
1 
8 
9 
10 
11 
12 
~13 
Percent Sold 
Percentage of with Dieael 
Hodel Total Vehicle. ingine. (b) 
Year in Uae (e) (US) 
1982 1.11 4.6 
1981 1.11 5.9 
1980 8.16 4.6 
1919 9.20 2.2 
1918 8.50 0.4 
1911 6.11 0.1 
1916 5.51 0.1 
1915 5.11 0.1 
1974 6.45 0.1 
1911 5.18 -
1972 4.90 
1911 3.88 
1910(-) 19.38 
TABLE A.2 
Fuel Economy Calculation for 1982 Automobile Fleet 
Per cent age of 
Vehicles in Uee 
(ae.olioe ena ine ) 
1.41 
1.ll 
8.36 
9.0 
8.41 
6.12 
5.5 
5.36 
6.44 
5.18 
4.9 
3.88 
19.38 
Annual 
Average Fraction of Light 
Percenlage of Hileage Duty Fleet Hile. 
Vehicles in UBe Driveo Treveled by 
(diesel eogioe) (c) Ga.oline Engine. 
0.36 15,900 O.IH 
0.46 15,000 0.104 
0.40 14.000 O.IH 
0.20 13.100 O.IH 
0.03 12.200 0.098 
0.01 11,300 0.012 
0.01 10.300 0.054 
0.01 9,400 0.048 
0.01 8.500 0.052 
7,600 0.042 
6,700 O.OH 
6,700 0.02~ 
6,100 0.113 
Fraction of Light 
Duty Fleet Hilea 
Traveled by 
Dieael Enainea 
0.0054 
0.0065 
0.0051 
0.0025 
0.0004 
0.00011 
0.00010 
0.00009 
0.00008 
ta) Derived froa Califoraia Dapart •• at of Piaaaoa (1982). T.bla J-S. p. 170. 
Fuel Weiahted 
iconomy for Averaae Fuel 
Ca.oline Economy for 
Care HPG (d) G •• olioe Care HPG 
26.2 
2S.1 
23.5 
20.3 
19.9 
18.3 
11.5 
IS.8 
14.2 
13.6 
13.6 
n.6 
13.6 
13.6 
21.10 
fleet avg. for 
cet. autoa 
13.65 
fleet ava. for 
DOD-cat. aUlOII 
Weiahted 
Aveuge Fuel 
Economy for 
biuet eau HPG 
24.69 
fleet e"II' for 
dien 1 eutoe 
(b) ValD.a for 1980 aad previoDI yaar. ara from Dia.al lapaot. Study Comaittaa (1982), pp. 1 aad 90. ValDa8 for 1981 aad 1982 ara Autogotiy. HlIl. 
111111. a. oita. by Bolaaa aad Lauderdala (1983), p. 7. Data .how. ara b ••• d OD .atioDwlde .al •• at.ti.tioa. 
(0) U.S. BayjroaaaDtal ProtaotiOA Alaaoy, 1916. 
(d) Motor V.hlol. MaDDfaoturar.' A •• oot.tioD (1983), 
«.) A fDa! aOOAQey yal.a of 27 NPO i. 11y •• by Cadla (1983) for Oaaaral Motora lllht duty di •• al vahlcla.. SiDoa fDal aOOBQey for all a.toaobil •• hal 
baa. l&proyl.1 is raoaDt Yaare, wa aattaata a flaat avara.e fuel aooDoay waiahtad oval' aaw aDd oldar d1a •• 1 oara to ba aboDt 25 NPO. 
~ 
..... 
.j> 
TABLB 1..3 
Bai •• loo Faotora for Aamool. Iros Utab •• y Vebicl •• 
BlGH1lAY VEH 1 CLI!8 
Autul 8Dd Lt. TrockI (, •• 01i08 8D81D •• 1 
Cat.lYlt BqDlpp.d EDline. 
Oa1d.tioD Catalyet Only 
1. 1917 and 1918 produotioD veblcl ••• 1915 FTI' oyola 
1. California ... 1 •• 10a oontrola, 1975 FTI' cyol. 3. 1"8 BDiok, Ford. Volvo, Old •• oblle, Chovtolet, Chey,lor, I'" FTI' cyol., 
anl •• ded fool 
4. 1918 Chevrolet Halibs, 197. Ford (leaDada. 1917 FTI' oyol., ual •• dod fool, 
.ltb air pURl' 
5. 1918 Chevrolet Hallbu, 1'7. Ford HuataDI II, 1917 FTI' oyole, ante.dad 
fDeI. witboat alr ,amp 
3-w.y Catalyal 
1. G ••• ral Motoca veblcl •• ; 1975 FTI' oyola 
3. 1918 Poatlao Sanblrdl 197. Saab 99; 1918 FTI' oyole 
3. 1919 Moroary (1); 191. Volvo; 1919 FTI' oycl. 
4. 1917 Volvo (C.lifor.le .. odel); 1975 FTI' oyola 
5. 19.0 L1DooID COD11.I.tal, 1'75 FTI' oycle 
6. 1918 Poetiao Sanbirdl 1'7. FTP oyol. 
1. IP1. S •• b, 191. FTP c,ol. 
S-w.y CotalYI' Plu8 Oxld8tioD CatalYI' 
1. 1'7. Pord PiDtOI 1979 Maro.ry Marqai., 1918 FTP cyola 
1. 191. Ford Piatol 1980 Chevrole. Caprice, 1915 FTP oyol. 
J. 1'7. Pord Piatol 1919 _eroary Harq.i., 191. FTP oyole 
NOD-CatslYI' Pre-l"S Car. 
1. Ge.eral Hotoca vebiol •• j 1915 FTP oyclel gal •• dad f .. l 
3. 1'77 AMC Ploar; I'" FTP oyola, BDle.d.d 1 .. 1 
J. 19'6 Old •• obil ••• ,i.8 08 drlviDI o,ole 
4. 1911 BFI drlviD8 oyol. 
Catal,e, Kedl .. Track. 
NOD-Catal,., Kedl ... a.d U.avy G •• ol1 .. Traok. 
01 ••• 1 Veblol •• 
01 ••• 1 A.tomobll •• 
1. 01 ••• 1 a.tomobl!. 
1. Expert •• Dt.1 di ••• l 8.tO, FTP 0Jole 
1. PO.lot, drlvial oyol. 
•• 1911 Meroed •• B •••• 60 .pb 
S. Lt. daty dl ••• 1 veblol •• 
Die •• l Traak. 
1. Thr •• 8-cyliador di ••• l e.ll ••• 
1. U.avy daty di ••• l 
LPQ for CarharetioD 
VALUE FOil 
VEHICUlS 
IN 1'IlOI'EIl 
OI'EIlATlNG 
OONDITION IlRFEIlBNCB 
( .. ,/b) 
a.s h) 
3.06 (b) 
5.7 (0) 
3.6 (d) 
3.1 (d) 
LO Ie) 
3.6 (f) 
10.1 . (S) 
•• 1 (b) 
16.1 0) 
11.1 (j) 
60.B (j) 
2.6 (k) 
20.1 (1) 
5.6 h.) 
1.S (D) 
3.1 (0) 
1.S (p) 
S (q) 
0.61 (r) 
0.6 Ie) 
10.92 h) 
0.35 (a) 
0-8 (y) 
1.3 (w) 
0--33 (vI 
VALUE AOOI'11lD FOil 
I!IIISSION INVllNTOIY 
( •• /b) (k, NU3/lO Btu) 
10 (a) 
3S (x) 
10 Ix) 
5 (x) 
0.6 
2 
:t.7 
0.117 
1.7 (F) 
0.117 (s) 
O.U 
0.14 
0.17 (a) 
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TABLE A.4 
Ammonia Emission Estimates for Stationary Combustion Sources 
STATIONARr SOJRCES 
FUEL COHBUSTION 
Electric Utilities 
Natural Gas 
Residual Oil 
Digester Gas 
Refinery Fuel 
Natural Gas 
Residual Oil 
Refinery Gas 
Jndustrial and Low Priority Commercial 
Natural Gas 
LPG 
Residual Oil 
Distillate Oil 
Digester Gas 
Coke Oven Gas 
Residental and High Priority Commercial 
Natural GaB 
LPG 
Residual Oil 
Distillate Oil 
Coal 
TOTAL 
Six-County South Coast Air Basin--1982 
ESTIMATED 
1982 
FUEL USE 
9 (10 Btu/day) 
802. (a) 
134. (a) 
0.6 (a) 
101. (b) 
5.3 (b) 
334. (b) 
324. (e) 
5.52 (d) 
8. (e) 
37.23 (e) 
18.04 (f) 
37.53 (g) 
918. (h) 
16.85 (1) 
30.4 (1) 
23.86 (1) 
0.6 (j) 
EMISSION FACTOR 
9 (Kg NH./lO Btu) 
1.47 (k) 
2.8 (1) 
1.47 em) 
1.17 (n) 
2.8 (0) 
1.17 (p) 
1.45 (q) 
1.45 (r) 
2.8 (a) 
3.3 (t) 
1.45 (r) 
0.40 (u) 
0.225(v) 
0.225(w} 
2.8 (x) 
3.3 (x) 
38. (x) 
AMMONIA EMISSIONS 
(metric tons/day) 
1.18 
0.38 
0.0009 
0.118 
O.OlS 
0.)9 
0.47 
0.008 
0.022 
0.123 
0.026 
0.015 
0.207 
0.004 
0.085 
0.079 
0.023 
3.15 
:» 
I-' 
"-I 
NOTES: 
(a) 1962 average daily use, from South COBst Air quality Management District (1983a) and Ventura County (1983). 
(b) 1982 average daily use, from South Coast Air quality Ilanagement District (l983b). 
(c) 1962 average daily use, by all industries from Southern California Gas Company (1983) and City of Long Beach (1983), less 
electric utility and refinery natural gas usage cited above. 
(d) U.S. Department of Energy (19&3) gives the ratio of industrial to chemical LPG sales in the U.S. ss 0.22. This ratio was used 
for data from the state of California to break LPG sales into sales t.O chemicsl and industrial plants. This vslue includes ssles 
for refinery fuel use which cannot be separated from the total. 
(e) State of California total residubl snd distillate fuel oil use by industries other than oil companies and electric utilities 
was taken from U.S. Department of Energy (1983). Seventy-five percent of the non-refinery industrial heating demand in 
Southern California is within the six-county 1974 boundaries of the South Coast Air Basin (Cass, 1978), and 64% of state 
industrial fuel use is in Southern California (Stdnford Research In9titute, 1973). Therefore, air basin fuel oil use by 
industry is estimated as 0.48% of total state use by industry. Kero.sene use has been added to the distillate fuel use 
number shown. 
(f) 
(g) 
(h) 
(1) 
(j) 
(k) 
(1) 
(m) 
(n) 
(0) 
(p) 
(q) 
(r) 
(a) 
(t) 
(u) 
(v) 
(101) 
(x) 
From survey of eight large sewage treatment plants in the inventory area. 
Based on 1973 fuel use data at Kaiser Steel, from Cass (1978). 
1982 average daily use by residential and commercial users taken from Southern California Gas Company (1983) and City of 
Long Beach (1983). Fuel use in south coastal strip of Santa Barbaral County estimated ss 78% of county total on the basts 
of fraction of 1970 population living in southern portion of that county (U.S. Bureau of the Census, 1972). 
State total LPG, residual fuel oil and distillate 011 use by residential and commercial cUdtomers is given by U.S. Department 
of Energy (1983). Forty percent of residential/commercial all use in the state is in Southern California (Stanford Research 
Institute, 1973) and 71% of Southern California population is within the six-county boundaries of the South Coast Air Basin 
(Southern California Aasociation of Governments. 1982). SCAB LPG USl!. thUB is estimated as 31% of state total (Le., 0.40xO.77-0.31). 
1973 data from Cass (1978). 
Weighted average: 33% emission fsctor at 2% 02 in atack, 22% factol' at 4% 02' 45% factor at 6% 02 based on frequency of 
occurrence of 02 levels given by Bartz et al. (1914; tests 279-289, 298-301). 
From Table A. L 
Assumed similar to utility boiler burning natural gas. 
Weighted average: 19% emission factor at 2% 02 in stack, 33% factor at 4% °2.48% factor at 6% 02 based on frequency of 
occurrence of 02 levels given by Bartz et al (1974; testa 12-73, 95-103). 
From Table A.l. 
Assumed similsr to refinery equipment burning natural gas. 
Weighted average: 35% emission factor st 2% 02 in stack, 15% factor at 4% ° 2 , 50% factor at 6% 02 based on frequency of 
occurrence of 02 levels for industrial fuel-burning equipment given by Bartz et al. (1974). 
Assumed similar to industrial equipment burning natural gas. 
From Table A.l. 
From Table A.l. 
Weighted average: 2% emission factor st 2% 02 in stack, 10% factor at 4% 02, 88% factor at 6% 02 based on frequency of 
occurrence of 02 levels for steel mill equipment given by Bartz et al. (1974; tests 104-157). 
Source tests by Bartz et al. (1974) show that hom~ heaters have high levels of excess 02 in their exhaust. 
Assumed similar to home heaters burning natural gas. 
From Table A.l. 
~ 
f-'o 
00 
TABUi A.S 
AamoDta Eat.lloD Bltt •• t., for StatioDary Co.b.,tio. Soarc •• 
Sia-CoDDty Sootb CO.lt Air B •• la--1982 
IIOIIIUi SOUllCBS 
Blab •• y Vebial •• 
Catalyat ADtO. a.d Lt. Tcaoka 
NOD-Catllyat ADta. a.d Lt. Traoka 
01 ••• 1 Aotol aad Lt. Truok. 
Cataly.' ModiDD Veblol •• 
NOD-Cetalyat Medlaa aad B.avy TrDok. 
01 ... 1 Trooks 
LPO for Cerbarotio. 
ChH AvhtioD 
Jot Utoraft 
Avletto. 0 •• 011.0 
eo...rolal Sbippl.$ 
a •• idoll Oll-Plred Shlps' Bollaro 
010 •• 1 SUps 
a.ilroad 
Dt .... Oil 
IUlltuy 
Ouolh. 
Die .. l0il 
Jot Po" 
a.aid.al 011 (Beaker P .. l) 
II! aaelh.8 000 
Off-Biab •• y Veblcl •• a.d 
Mlla.118.80aa Soara •• 
TOTAL 
BSTlllATiUI 
U82 
PUII.L USB 
(lOll BtD/day) 
870.4 ( .. I 
551.3 Ca) 
18.3 (b) 
85.1 (a) 
IS').II (al 
lU.4 (b) 
11.2 (0) 
49.5 (dl 
2.4 (d) 
24.3 (0) 
11.1 h) 
24.8 W 
5.U (S) 
16.7 (h) 
16.71 (1) 
O.:lII (j) 
46.26 U:) 
BMISSION PACTOR 
(1m N113/10') BtD) 
1." (11 
o.n (11 
0.19 (t) 
1.1 (t) 
0.117 (1) 
0.14 (1) 
0.117 (ll 
0.14 hI) 
o.n (D) 
1.11 (0) 
0 • .14 I.) 
0.111 hal 
o.n (D) 
0.14 (.) 
0.14 (.) 
1 •• (0) 
0.14 (.) 
NIl,) I!IUSSIONS 
( •• trio toal/day) 
2.35 
0.485 
0.0035 
0.23 
0.14 
0.013 
0.0011 
:J> 
j-> 
\0 
0.000 
0.0021 
0.068 
0.0016 
0.0035 
0.004') 
0.0023 
0.0023 
0.00011 
0.0065 
3.34 
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TABLE A.6 
Emissions from Industrial Process Sources 
NB3 Emissions 
(metric tons/day) 
Ammonia Storage 0.06 <a> 
Refinery FCC Units 0.67 <a> 
Refinery Waste Water Treatment 0.35 ea> 
Steel Industry 0.23 ea> 
Chemical Plants 0.76 <a> 
Refrigerant Loss 0.38 (b) 
NOTES : 
<a) From survey of Cass et al. (1982). 
(b) See Table A.28. 
Table A.7 Estimated NH) Emissions from Municipal Waste Water Treatment - 1982 (excluding sludge processing) 
NHJ-N LoSB from water Nitrogen- NH3 Emission 
Effluent To To Containing to 
Bactefif1 Atmosphere Gases to Atmosphere 
Flow Flow Rate Influent NH 3-N NO;-N NO;-N Cells a as NH? or 
Atmosphere (metric tona/day 
Treatment Rste NH3-N (mg/i) as N2 b) (metric tons a8 NH 3) 
Plant Stage (mgd) (1061/ day ) (mg/l) (mg/l) (mg! t) . (mg!l) (mg!l) -N!day) 
COUNTY SANITATION 
DISTHICTS OF L.A. 
COUNTY 
1. San Jose Creek Secondary 36.84 139.4 19.9 15.6 0.603 2.0 0.8 0.9 0.125 0.15 
2. 1.;Jittier Narrows Secondary 13.41 50.8 20.4 16.4 0.967 1.5 0.82 0.71 0.036 0.044 
3. Pomona Secondary 9.26 35.0 18.8 ' 11.8 0.8~5 2.0 0.75 3.4 0.119 0.144 
4. Los Coyotes (Has 3 separate secondary units.) 
Unit Secondary 11. 36 43.0 23.3 10.5 1.326 2.6 0.93 7.94 0.342 0.414 !l> N 
Unit 2 Secondary 1l.44 43.3 23.3 11.5 0.011 3.0 0.93 7.83 0.339 0.410 
N 
Unit 3 Secondary 11. 37 43.0 23.3 7.6 0.719 4.8 0.93 9.25 0.398 0.482 
5. Long Beach Secondary 9.95 1'1.7 21.7 11.1 0.922 2.3 0.87 6.51 0.245 0.296 
6. Joint Plant Primary 360 1362.6 36 36 0 
CITY OF LOS ANGELES 
7. HyperJon Plant Primary 379 1431<.5 18.8 18.5 0 0 0 0.3 0.43 0.52 
Secondary 100 370.5 10.5 2.5 0.2 5.2 0.74 9.06 3.73 4.51 
O. Terminal Island Secondary 17.0 67.4 39.1 12.6 0.79 5.3 1. 56 18.85 1.27 1.54 
9. L.A. Glendale 
Reclaimation Plant Secondary 10 3'1.9 19.5 6.5 (1 L 70l(e) 0.78 0.52 0.020 0.024 
Table A.l Estimated NH3 Emissions from Municipal Waste Water Treatment - 1982 (excluding sludge processing) (Continued) 
NH3-N Loss from water Nitrogen- N'I3 Emission 
Effluent To To Containing to Gases to Atmosphere Bactefl~ Atmosphere Atmosphere (metriJ tona/day Flow Flow Rate Inf'luent NH3-N NO;-N NO;-N Cells a as NH? or NH3-N (ag/i) as N2 b) (metric tons &3 NH) Treatment Rate (l06t / day ) -N/dsy) Plant Stage (mgd) (ag/t) (ag/! ) (mg/t) (mg/t) (ag/O 
ORANGE COUNTY SANI-
.TATION DISTRICT 
10. Fountain Valley Secondary 60 227.1 23 12 (9.20)(d) 0.92 0.88 0.2 0.242 
11. Huntington Beach Secondary 160 605.6 23 12 (9. ;~O)( d) 0.92 0.88 0.533 0.645 
OTHER AGENCIES 
12. Water Factory 21 NH3 Strip-
ping Tower 8 30.3 24.22 19.59 4.63 0.14 0.17 
13. Irvine Ranch Water 
:t> District Secondary 8.5 32.2 20 2 (17)(e) 0.8 0.2 0.0064 0.008 N 
w 
14. Los AIiBos Water 
District Secondary 2.5 9.5 50 12 (30)I(f) 2.0 6 0.057 0.069 
15. Aliso Water Man-
agement Agency Secondary 3 11.4 35 20 (5.25 )(g) 1.4 8.35 0.095 0.115 
16. Laguna Hills Sani-
tCltion District Secondary 4.5 17.0 (21)(h) 5 (3.15)(1) 0.84 12.01 0.204 0.247 
1,. South East Regional 
ReciaimaUon 
Authority Secondary 8.5 32.2 (21 )(h) 2 (3.15)(1) 0.84 15.01 0.483 0.584 
Table A.7 Estimated NH3 Emissions from Municipal Waste Water Treatment - 1962 (excluding sludge processing) (continued) 
NH 3-N Loss from yater Nitrogen- IIH) Emisllion 
Effluent To To Containing to 
Bactefi~ Atmosphere Gaaes to Atmosphere 
Floy Flow Rate Influent NH)-N NO;-I'I rto;-R Cells a as NO? or Atmosphere (metric tons/day 
Treatment Rate NH3-N (mg/t) as R2 b) (metric tone as N") 6 
-NIday) Plant Stage (mgd) (10 t/day) (ms/t) (ms/I. ) (mg It) (mg/t ) (mg/t) 
ui'lIER AGENCIES 
(Cont) 
16. Moulton-Niguel 
Water District Secondary 0.4 1.5 (21)(h) (12)(j) (3.15)(1) 0.64 5.01 0.0075 0.0069 
19. South Coast County 
Water District Primary 3.5 13.2 28 23 0 0 5 0.066 0.060 
Secondary 3.5 13.2 23 6 (3.45)(1) 0.92 12.63 0.167 0.202 
20. City of San Clemente Secondary 3.2 12.1 (21)(h) 0.5 (3.15)(0 0.64 16.51 0.200 0.242 
21. Capistrano Beach !l> 
0.85xl0- 3 3.2xl0-3 0.016xl0- 3 0.019xl0- 3 N Sanitary District Secondary (21 )(h) (12){j) (3.15)(1) 0.64 5.01 .p-
22. City of Riverside Secondary 23.5 66.9 24.5 12.5 (3.66)(1) 0.96 7.34 0.653 0.790 
23. Hemet Treatment 
Plant SecondarY 5.1 19.3 22.5 15 (3.36)(0 0.9 3.22 0.062 0.075 
24. Sun City Treatment 
Plant Secondary 0.1 2.6 (21)(h) 4.6 (3.15)(1) 0.84 12.41 0.032 0.039 
25. Sunnymead Treatment 
rlant Secondary 3 11.4 (21)(h) (12){j) (3.15)(1) 0.B4 5.01 0.057 0.069 
2u. City of San 
Bernardino Secondary 21 19.5 19 16 (O)(k) 0.76 2.24 0.116 0.215 
Table A.T Estimated NH) Emissions from Municipal Waste Water Treatment - 1962 (excluding sludge proceosing) (Continued) 
IIH3-11 Loss from vater lIitrogen- IIH3 Emisslon 
Effluent To To Containing to Gases to Atmospbere Bactefi~ Atmosphere Atmosphere (metric tons/day Flow Flow Rate Influent 
"H3-" NO;-N rlO;-N Cells a as NH? or (metric tons as IIH 3) 'freatment Rate (1Q6 i / day ) 
IIH3-11 (mg/i) aa N2 b) 
-N/day) Plant Stage (mgd) (mg/il (mg/t) (mg/t) (mg/t) (rllg/t) 
OTHgR AGENCIgS (cant) 
27. Chino Basin Region-
al Plant N1 Secondary 19 71.9 20 6.4 (12)(1) 0.8 0.8 0.058 0.070 
28. Chino Basin Region-
al Plant #2 Secondary 3.5 13.2 19.8 2.2 (ll.S8)( 1) .79 4.93 0.065 0.079 
29. Chino Basin Region-
al Plant N3 Primary 3.2 12.1 25 25 a 
30. City of Colton Secondary 3.4 12.9 (21)(h) 6 (3.15)(1) 0.84 11.01 0.142 0.112 
31. City of Redlands Secondary 4 15.1 (21)(h) (12){J) (3.15 Hi) 0.84 5.01 0.076 0.092 :P 
N 
32. City of Rialto Secondary 3.5 13.2 (21 )(h) (12){J) (3.15)(i) 0.84 5.01 0.066 0.080 V1 
33. City of Santa 
Barbara Secondary 8.5 32.2 28 20 (4.20)(t) 1.12 2.68 0.086 0.104 
34. Montecito Sanita-
tion District Secondary },O 3.8 21(h) <1 (3.15)(i) 0.84 16.01 0.061 0.074 
35. Goleta Sanitation 
District Primary 6.2 23.5 (22.5)(m) 2205' (0) 
36. Carpinteria Sani-
tation District Secondary 1.3 4.9 (21)(h) 0.01 (3.15) Ii) 0.84 17 0.083 0.1 
Table A.T Estimated NH3 Emissions from Municipal Waate Water Treatment. - 1982 (excluding sludge processing) (Continued) 
Plant 
OTHER AGENCIES (cont) 
31. Summerland Sanita-
tion District 
NOTES 
Treatment 
Stage 
SECONDARY 
Flow Flow Rate 
Rate 
(l06!/day) (mgdl 
0.15 0.51 
Eftluent 
Intluent NH3-1 10;-N rmj-" NH3-N 
(mg/!) (mg/t) (mg/t) (mg /1) 
(21)(h) (12){j) (3.15(i) 
(a) Estimated to be 4% of influent NH 3-N for secondary treatment processes (Hartling, 1984) 
NH 3-N Loss from water 
To To 
Bactefi~ Atmosphere 
Cells a as NH? or 
(mg/!) as "2 b) 
(mg/t) 
0.84 5.01 
(b) By difference between influent, effluent and bacterial nitrogen fluxes, stated as mg/1 relative to influent flow. 
(c) Most of the ammonia in the influent to this plant is oxidized during the secondary treatment process (Cecotti, 1984). 
of secondary influent NH 3-N is assumed to be nitrified. 
Nitrogen- liB) Emiallion 
Containing to 
Gases to Atmosphere 
Atmosphere (metric tons/dsy 
(metr ic tona aa NH 3) 
-N/day) 
0.0028 0.0034 
10.71 13.03 
A value equal to 60% 
(d) This agency tries to remove 40-50% of NII3 during the secondary treatment stage (Pampson. 1984). A value equal to 40% of secondary influent 
NH 3-N is assumed to be nitrified. 
(e) Nitrification removes almost all of the NII 3-N (walter", 1984). A value equal to 85': of secondary influent NH 3-N concentration is assumed to be nitrified. 
(f) Most of the Nil 3-N at this plant is nitrified (Warner, 1984). A value equal to 60% of secondary influent NH 3-N concentration is assumed to be nitri fled. 
(g) Operators of this plant try not to nitrify the NIl3-N (Williams, 1984). The average percentage of nitrification during secondary treatment 
at L.A. County Sanitation District facilities is 15% and that degree of nitrificatIon is assumed here. 
;J> 
N 
C)\ 
Table A.1 Estimated NB3 Emissions from Municipal Waste Water Treatment - 1982 (excluding sludge processing) (Continued) 
Effluent 
Flow Rate 
NB3-N Loss from vater 
To To 
Bactefi~ Atmosphere 
Cells a as NB3 or 
Nitrogen-
Containing 
Gases to 
Atmosphere 
Imetric tons 
Plant 
Treatment 
Stage 
Flow 
Rate 
(mgd) (l06 t / day ) 
Influent 
NB3-N 
(mg/1) 
NB3-N 
(mg/I. ) 
NO;-N 
(mg/t) 
NO;-N 
(mg/t) 
(mg/1) as N21b) 
(mg/t) -N/day) 
NOTES (Continued) 
(h) 
Ii) 
Estimsted based on average secondary influent NB 3-N concentration for Plants HI-5, 7, 9-11, 18, 20, 21, 24-26, 31. 
The average percentage nitrification of NB,N at plants operated by the County San:ltatlon District of Los Angeles County is equal to 
15% of secondary influent ammonia concentr6tion. That degree of nitrificstion is sssumed here. 
Estimate based on average secondary effluent NH 3-N concentration for plants Hl-5, 7. 9-11, 18, 20, 21, 24-26, 31. 
NB3 Emisa10n 
to 
Atmosphere 
(metric tona/day 
a6 N"3) 
(j) 
(k) Since there is little difference between influent and effluent ammonia concentrat:lons, it is assumed that very little nitrification occurred. 
(1) Operators at this plant try to keep the NH 3-N concentrations low by encouraging n:ltrification (Cae, 1984). It Is assumed that 60% of incoming NH 3-N is nitrified. 
(m) For primary treatment only, influent NII 3-N will be very close to effluent NH3-N. 
;po 
N 
-.J 
Figure A.I Emission Factors for NH3 Loss from Sludge Processing at the Joint Water Pollution Control Plant Operated by the County 
Sanitation Districts of Los Angeles County (Reference: Livingston. 1984) 
UNPROCESSED SLUDGE 
555 metric tons/day 
dry solids (2.6. N by 
weight) 
14.4 metric tons total 
N/day 
Possible Emission Factors 
DIGESTED SLUDGE 
DIGESTER 
WASTE 
WATER 
TO 
OCEAN 
DEWATERED 
DIGESTED SLUDGE 
250 metric tons dry '\ 
solids/day (2.25% N 
by weight) 5.6 metric 
tons total N/day 
TO DRYING BEDS 
FOR COMPOST 
180 metric tons 
dry solids/day 
(2.25% N by weight) 
4.05 metric tons 
total N/day 
70 tons dry solids/day 
(2.25% N by weight) 
1.6 metric tons total 
N/day 
DEWATERED 
DIGESTED 
SLUDGE 
DIRECT TO 
LANDFILL 
NH3 to atmosphere/ton of unprocessed sludge (corrected tor sludge sent to landfill) u 1.36 kg NH3-N/metric ton unprocessed sludge 
NH3 to atmosphere/ton of dry digested sludge sent to drying beds = 3.03 kg NH3-N/metric ton digested sludge 
NH3-N 1088 as " of total N in unprocessed sludge (corrected for sludge sent to lalildfill) .. 5.2% 
NH 3-N loss 8S.% of total N in digested sludge sent to drying beds = 13.5% 
To atmosphere from 
drying beds' 
0.55 metric tons 
N/day lUI 
0.67 metric tons 
NH/day 
J 
REMAINS IN 
COMPOST 
180 metric tons 
dry solids/day 
(1.95% N by weight) 
3.5 metric 
tons N/day 
:J> 
N 
OJ 

Plant 
9. Sun City Treatment Plant 
10. Sunnymead Treatment 
Plant 
1 L City of San 
Bernardino 
12. Chino Basin Regional 
Plant Hl 
1]. Chino Basin Regional 
Plant #2 
14. City of Colton 
15. City of Santa 
Barbara 
16. Summerland Sanita-
tion Di strict 
Table A.S Ammonia Emissions from Sludge Processing at Wastewater Treatment Plante (Continued) 
Undigested Sludge 
metric tons/4a¥ 
(dry sol1ds)(a) 
0.52 
0.32 
19 
14.5 
3.6 
0.34 
Digested Sludge 
metric tons/4a.\' 
(dry 8ol1da)(a) 
0.013 
9.1 
2.3 
L25 
5.5 
0.11 
NH -N Co~tent of 
digested 
sludge (a) 
0.8% by weight 
Emission Factor Used (c) 
1.36 kg of NH 3-N/metric tons of unprocessed 
sludge 
3.03 kg NH 3-N/metric tons of digested sludge 
1.36 kg NH 3-N/metric tons of unprocessed 
sludge 
3.03 kg NH 3-N/metrlc tons of digested sludge 
3.03 kg NH 3-N/metric tons of digested sludge 
3.03 kg NH 3-N/metrlc tons of digested sludge 
13.5% of NH 3-N in digested sludge 
3.03 kg NH]-N/metrlc tons of digested sludge 
(a) Sludge quantities and NH 3-N content are from mail survey form completed by each plant. 
Ammonia lost to 
the atmosphere 
(metric tons/day) 
0.0009 
o. 0416x16-3 
0.0313 
0.0]]4 
0.0083 
0.0046 
0.0072 
~004 
1.584 
(b) ~flsed on only that portion of sludge that will contribute to compacting operations <72% of total unprocessed sludge output of plant). 
(r) f:mission factor based on percentage of NH]-N in sludge lost at Joint Water Pollution Control Plant. See Figure A.I for nitrogen balance. 
(d) Assume same value as Irvine Ranch Water District 
(e) 1911 data are the latest flvailable 
:P-
w 
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TABLE A.9 
Emission Factors for Ammonia Release fro. Soil Surface 
LAND SURFACE TYPE 
Cropland 
Lawn Surface (eaapuB BidewBIIit) 
Bare Sotl 
Ungrazed GraeB-Clover Paature 
Forest Lend (eetlaate) 
Pasture (near anlaele - no aenure) 
Pasture Grase (>]0 III froa aenure source) 
GraMeland Near Swine Barn with no aenure 
Pasture (with aenure) 
Pasture with dried aenure 
Pasture with recent liquid dairy aenura 
Grazed Paature 
NOTES 
V ALUI IIPORTW 
11 IitI_N/ha-yr 2 
0.5 to 1.5 a. NU]/a -day 
1 to 2 a. NHl/a2-day 
2 I N/ha-hr 
1 to 2 ilia NlI]/III~-day 
2 to, ] 1111 NUl'. -day 
2 2 to 5 1111 til I. -day 
5 to 20 1111 ;a]/1II2-day 
15 litl N/ha-yr 
U a N/ha-hr 
RIF!UHCE 
(a) 
(b) 
(c) 
(d) 
(a) 
(b) 
(b) 
(bl 
(b) 
(a) 
(d) 
EHISSIOI 'A~ Aoonm 
(litl tII]/1ita -day) 
l.U 
1 
1 (f) 
5.81 
U) 
1.5 
2.5 
(I> 
(a) 
<a) 
(II) 
(al Porter et al. (1915) and Elliot et ale (1971). Note that Denaead at ale (1918) live much hisher ;aluea over abort periods of t .... 
(b) Hiner (1916) 
(c) Hiner (1976; bare aoil located DOra than ]0 III from university dairy farm 
(d) Denaead et al. (1976) 
(e) Releese froa decoaposition of oraente aetter in forests estiaeted a. beinl low 
(f) Taken at low end of range given In order not to exceed estlaete for lawns 
(8) Not uaed; ealeelone of NU] due to preeence of aniae1 wauteB will be eatiaated aeperetel, 
;t>-
v.> 
I-' 
TABLE A.IO 
Ammonia Estimates for Release from Soil Surfaces 
SOIL SUIFACE RELEASE 
(Excluding Ch .. icel Fertilizer. , Manuree) 
Urban or Built-up Land 
11 Iaetdenttel (etoile and multiple) 
12 CoaaGrct.l and Servlcee 
13 Induetriel 
14 Traneportattoo. CoEBUoicetloo , Utilitie. 
IS Induatrtel and ~rctel CoBpl •• e. 
16 Htxed Urben or Butlt-Up Land 
11 Other Urbeo or Built-Up Lend 
Agricultur.l Land 
21 Cropland and 'aature 
22 Orchard., Grove •• Vloeyard •• lur.erl ••• 
end OroaBeotel 
21 COnfiDed ADtasl Feadiol Operatione 
24 Othar Agriculturel Land 
Ianaalend 
11 Uerbac80u. Ianaelend 
12 Shrub end Brueh Ianleland 
11 Hixad Iaoleland 
Fore.t Land 
41 Dectduoue roreet Land 
42 IvarlraaD Foreet Lend 
41 Hixed Fora.t Land 
WaUand 
61 rore.tad Wetland 
62 Mon-roreated NetlaDd 
BarreD Lend 
12 Beechea 
11 Sendy Are.. (other thaD baech.a) 
76 Tran.flAonel Ar~ •• 
n HUad BaneD Lend 
LAND AJl,EA DIVOTED 
TO THIS(USI (kill) ta) 
2884.41 
826.21 
429.16 
218.91 
20.83 
41.95 
348.23 
U10.12 
851.6S 
41.26 
2S.32 
686.48 
80S1.08 
U6S.01 
u.S] 
2291.58 
40.08 
]].10 
Sl.89 
16.21 
101.1S 
149.16 
10.62 
FRACTI. OF LAHD NOT 
HASDD BY BUILDItiGi" 
AND 'AVIHD1' 
441 (b) 
]41 (b) 
411 (b) 
55! (b) 
40X (c) 
U! (d) 
UX (d) 
IIHISSIOIIII FACTOR 
2 (la HIll /1m -day) 
1 (e) 
1 (e) 
1 (0) 
1 (a) 
1 Ca) 
1 (e) 
1 (e) 
3.4 (I) 
(l.6)(1) 
•• t!Dated •• peratal, (h) 
(l.4)(1) 
(1) U) 
(1) U) 
(1) U) 
(1) (It) 
(1) (It) 
(1) (It) 
< (lj (1) 
< (1) (1) 
- 1 (III) 
). (113) 
HIll I!HISSIOIIIIS 
HlTUC 'I'OIiIIS 
.UDAl 
1.21 
0.28 
0.2 
0.12 
0.01 
0.02 
O.lS 
6.02 
3.09 
0.09 
0.69 
8.05 
1.U 
<0.01 
<2.29 !:0.04 
11I_llected 
.. ellected 
<0.02 
<o.n 
-O.lS 
..!:.!!, 
"'U.19 
!J> 
w 
N 
h) 
(b) 
(0) 
(d) 
(e) 
(f) 
(a) 
U~) 
(1) 
(j) 
(U 
(I) 
hal 
NO'fBS: 
Obtained by oountina ar.aa in .aoh oat.aory aa ahown on land na. aapa proparod by U.S. Ooololical Surv.y (1976a-o). 
Obtainod by oxa.ination of aorial photoarapha (Frotx, 1980). Tw.nty-four zono photo. diatributod widoly ovor Loa Anaole. County woro overlayod with 
land n •• oataaorioa and oz .. in.d to oati.at. tho fraotion of land in .aoh oatoaory whioh had b •• n pavod or built upon. Va1u.a ahown ar. avoraao. of 
tho 24 photoaraphe oz •• inod. 
Eatiaatod by avoraao of cOBB.rolal and indu.trial catoaorioa ahown abovo. 
Batlaatod by woiahtod av.raa' of land uao oatoaori.a 11 throuah 14. 
Eataaion faotor of lawn and bar. loil froa Tablo A.9. 
Avoraao of oropland, unaraxod clov.r, and two typoa of araaeland without ani.ale pr.a.nt on land. 
A •• UDod .... a. oropland from T.ble A.9. 
Eai.elone from livoatook oper.tions eati.ated aoparately ba •• d on ani •• l h.ad oount and wa.t •• produood. 
A •• UDod .t.llar to orop and palture oo.bination. 
AIIUDOd .i.ilar to bare .oil/ara.i oo.binatlon, 
E.t1.at •• 
Lo •• th.n or .qual to bar. loll data frOID Tabl. 4.9. 
Bare loll data froa Tabl. A.9. 
:P 
w 
w 
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TABLE A.1I 
Nitrogen in Dry and Liquid Fertilizers- for Farm Plus 
Non-Farm Use (3rd quarter 1982 from California Department 
of Food and Agriculture, 1982) 
FERTILIZER PARTITION 
COUNTY TOTAL NITROGEN 
DRy(a) LIQUID(a) (metric tons/day) 
Los Angeles 18 0.8 0.2 
Orange 6.1 0.85 0.15 
Riverside 49.6 0.21 0.79 
San Bernardino 1.7 0.92 0.08 
Santa Barbara 36.8 0.35 0.65 
Ventura 17.3 0.47 0.53 
(a) Fraction of total N applied in liquid and dry form 
estimated by summing N content of those liquid and dry 
fertilizers for which nitrogen content data were given. 
A35 
TABLE A.12 
Percentage of N Applied, Apportioned Between Farm and 
Non-Farm Use (California Department of Agriculture, 1982) 
FARM NON-FARM 
COUNTY DRY LIQUID DRY LIQUID 
Los Angeles 43 11 37 9 
Orange 49 9 36 6 
Riverside 20.7 77.7 0.3 1.3 
San Bernardino 37 3 55 5 
Santa Barbara 34.7 64.5 0.3 0.5 
Ventura 45 50.5 2 2.5 
(a) Example: Fraction (farm N/total N) x fraction dry from Table A.ll. 
COUNTY 
Los Angeles 
Orange 
< 
Riverside 
San Bernardino 
Santa Barbara 
Ventura 
A36 
TABLE A.13 
Fertilizer Nitrogen Applied 
(Tons Niday) 
DRY LIQUID 
FARM NON-FARM FARM 
7.7 6.7 2 
3 2.2 0.5 
10.3 0.15 38.5 
0.63 0.94 0.05 
12.8 0.11 23.7 
7.8 0.35 8.7 
Estimated by combining data of Tables A.ll and A.12 
NON-FARM 
1.6 
0.4 
0.65 
0.09 
0.18 
0.43 
A37 
TABLE A.14 
Percentage of Farm Fertilizer Applied on Crops 
. ( ) (From U.S. Burea~ of the Census, 1977) a 
% of Farm Fertilizer Applied 
COUNTY on Crops(a) 
% DRY % LIQUID 
Los Angeles 63 80 
Orange 57 34 
Riverside 63 84 
San Bernardino 31 42 
Santa Barbara 79 95 
Ventura 60 39 
(a) Data taken from U.S. Bureau of the Census (1977) as 
shown in Table A.1I of Cass et al. (1982). 1982 Census 
of Agriculture does not contain this information. 
A38 
TABLE A. 15 
Nitrogen Applied on Crops, Orc.hards, and Non-Farm Areas 
(County Totals in Metric. Tons/day) 
DRY LI~UID 
COUNTY CROp(a) ORCHARDS NON-FARM CROp(a) ORCHARDS 
AND AND 
ORNANENTALS ORNAMENTALS 
Los Angeles 4.85 2.85 6.7 1.6 0.4 
Orange 1.7 1.3 2.2 0.17 0.33 
Riverside 6.5 3.8 0.15 32.3 6.2 
San Bernardino 0.2 0.43 0.94 0.02 0.03 
Santa Barbara 10 2.7 0.11 22.5 1.2 
Ventura 4.7 3.1 0.35 3.4 5.3 
NON-FARM 
1.6 
0.4 
0.65 
0.09 
0.18 
0.43 
(a) Farm use split between crops vs. orchards and ornamentals using crop 
percentages of Table A.14 applied to total farm use given in Table A.13. 
A39 
TABLE A.16 
Percentage of Land Use in Each County Located within the Gridded 
Inventory Map Area and within the South Coast Air Basin 
County Cropland Orchards Non-Farm Fertilized Land(a) 
Los Angeles 34 84 99 
Orange 100 100 100 
Riverside 53 43 77 
San Bernardino 69 100 82 
Santa Barbara 7 100 78 
Ventura 95 100 100 
(a)Estimated from percentage of county population living within the 
air basin in 1980. 
A40 
TABLE A.17 
Fertilizer Nitrogen Applied Inside the South Coast Air Basin 
(metric tons/day)(a) 
DRY LIQUID 
ORCHARDS AND NON ORCHARDS AND NON 
COUNTY CROP ORNAMENTALS FARM CROP ORNAMENTALS FARM 
Los Angeles 1.65 2.4 6.6 0.54 0.34 1.58 
Orange 1.7 1.3 2.2 0.17 0.33 0.4 
Riverside 3.45 1.6 0.12 17.1 2.67 0.5 
San Bernardino 0.14 0.43 0.77 0.01 0.03 0.07 
Santa Barbara 0.7 2.7 0.09 1.58 1.2 0.14 
Ventura 4.5 3 0.35 3.23 5.3 0.43 
TOTAL 12.14 11.4 10.1 22.63 9.87 3.12 
(a) Data of Tables A.15 and A.16 combined. 
TABLE A.18 
Ammonia Loss Due to Fertilizer Application by CountY--3rd Quarter-- 1982 
(handling loss given separately) 
DRY LIQUID 
OHClIAHDS AND ORCHARDS AND 
CHOPLAND ORNAMlONTALS NON-FARM CROPLAND ORNAMENTALS 
FERTILIZER FERTILIZlOR f'ERTILIZER FERTILIZER FER1'ILIZER 
N II N N N 
APPLIED APPUED APPLIED APPLIED APPLIED 
COUNTY METRIC NR LOrS METRIC NH LOrS METRIC NR LOSS METRIC NR LOtS METRIC NlI LOtS 
TONS/DAY KG/DAyal TONS/DAY KG/DAyal TONS/DAY KG1DAy(b) TONS/DAY KG/DAY c) TONS/DAY KG/DAY c) 
Los AnReles 1.65 200 2.4 290 6.6 2396 0.54 13 0.34 B 
Orange 1.7 206 1.3 157 2.2 799 0.17 4 0.33 8 
Riverside 3.45 417 1.6 194 0.12 44 17 .1 414 2.67 65 
San Bernardino 0.14 17 0.43 52 0.77 280 0.01 0.24 0.03 0.73 
Santa Barbara 0.7 85 2.7 327 0.09 33 1. 58 38 1.2 29 
Ventura 4.5 544 3 363 0.35 127 3.23 78 5.3 128 
TOTAL 12.14 1469 11.43 1383 10.15 3679 22.6 547 9.9 239 
Total N1I3 Loss; B452 kg/day (for the 3rd quarter) 
; 8.45 metric tons/day 
(a) Assuming 10% of Ii applied i8 lost to atmosphere as NH3 (Meyer, 19B1) 
(b) Assuming 30~ of Ii applied is lost to atmosphere as NII3 (Meyer, 19B1) 
(c) Assuming 2% of N applied ia lost to atmosphere as NII3 (Meyer, 1981) 
NON-FARM 
FERTILIZER TOTAL 
II NII~ 
APPLIED LO S 
METRIC Nil) LOSS KG/DAY 
TONS/DAY KGDAy(b) 
1.58 573.5 34BO.5 
0.4 145 1319 
0.50 1B2 1316 
0.074 21 371 
0.14 51 563 
~ 
0.43 156 1396 .j>-,.... 
3.12 1135 8452 
TABLE A.19 
Loss of Anhydrous Ammonia Due to Handling and Field Application 
(3rd Quarter, 1982) 
ANHYDROUS AMMONIA % OF LIQUID % OF % OF ANHYDROUS AMMONIA 1 % LOSS DUE TO 3% LOSS DURING 
(metric tons N/?a1) FEHTILIZER APPLIED CROPLAND ORCHARDS IN BASIN(b) HANDLING(c) APPLICATION ON FIELD(c) COUNTY (County Total) a ON CHOPS IN BASIN IN BASIN (metric tons Niday) (metric tons Niday) (metric tons Niday) 
Los Angeles 1.28 80 34 84 0.56 0.006 0.011 
Orange 34 100 100 
Riverside 15 84 53 43 7.11 0.08 0.23 
San Bernardino 42 69 100 
Santa Barbara 1. 53 95 7 100 0.18 0.002 0.005 
Ventura 39 95 100 
TOTAL 17.8 8.45 0.088 0.25 
Total loss 0.34 metric tons Niday 
= 0.41 metric tons NH 3/day 
(a) From liquid fertilizer sales classed as 82-00-00 by the California Department of Food and Agriculture (1982) 
(b) County total multiplied by (% of liquid fertilizer applied to crops (Table A.14) x % cropland in basin (Table A.16) + % of 
liquid fertilizer applied to orchards x % orchards in basin.) 
(c) Walkup and Nevins (1966) 
~ 
.p-
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TABLE A.20 
Summary of NH3 Emissions from Fertilizer Application and Handling 
COUNTY 
Los Angeles 
Orange 
Riverside 
San Bernardino 
Santa Barbara 
Ventura 
LOSS FROM FARM 
APPLICATION OF 
FERTILIZER (metric 
tons/day) 
CROPS ORCHARDS 
0.21 0.3 
0.21 0.11 
0.83 0.26 
0.02 0.05 
0.12 0.36 
0.62 0.49 
LOSS FROM 
NON-FARM 
APPLICATION 
(metric 
tons/day) 
2.91 
0.94 
0.23 
0.31 
0.08 
0.28 
LOSS DUE TO 
HANDLING 
(metric 
tons/day) 
0.03 
0.38 
0.01 
TOTAL 
TOTAL NH3 
LOSS 
(metric 
tons/day) 
3.51 
1.32 
1.1 
0.38 
0.51 
1.39 
8.81 
A44 
TABLE A.21 
~ of ~ Vat.e Dau 
4BDW. HAmlU TOUt R'I'I'IOGEN 
WEIGB'l' (TO'W. \WTE) !Xcu:n::D 
(ka) ka/bud-UY ka/hud-uy 
Dairy Cat.tle Dale (1971) 680 49 
'ou (1971) 600 45 0.17 
tuaba at. al. (1973b) 0.18 
Adr~ et. al. (1974) 0.19 
Valu UNCi 640 47 0.18 
hef Cat.tle 'OU (1971) 400 34 0.24 
'etan , Il.acJtvood (1977) 500 27 
TUlmUlul 6 Ba.ll:m (1966) 450 29 0.17 
khou (1971) 500 45 
Value Uilled 450 32 0.21 
IIorlll •• rOU (1971) 450 2.5 0.22 
1101111 FoU (1971) 70 3.9 0.03 
MDehl.inl (1911) 70 5.S 0.038 
Sebol& (1971) 70 3.6 
Ta11mUeill 6 Ba.ll:m (1966) 45 3.2 0.023 
Value Uilled 70 3.9 0.03 
Sheep FOil (1971) 45 1.8 0.018 
Chicken. FOil (1971) 2 O.ll 0.0014 
Scholz (1971) 0.185 
T&ilanid ••• Bazan (1966) 2 O.ll 0.0019 
Value trud 2 0.14 0.0016 
Turltey taken in proport.ion to ght1ken8 on body weight 5.S 0.39 0.0044 as • 
TABLE A.22 
DIS'fRIBUTION OF' CATTLE BETWEEN DAIRY, F'EEDLOT AND RANGE 
Heifers and Heifer Calves(a) 
COUNTY CAT'fLE S. CALVES (a) BEEF COWS(a) MILK COWS(a) BEEF HEIFERS(b) MILK HEIFERS(b) STEERS(a) DAIRY CATTLE FEEDLOtcqATTLE 
Los Angeles 33,604 4,907 6,019 5,116 4,536 13,026 10,555 12,677 
Orange 12,889 4,OOO(d) 300(d) 2,226 592 4,226 892 48 
Riverside 17B,703 7,563 B7,126 14,956 44,B70 24,1B6 131,996 33,629 
San Bernardino 2B3,742 6,707 167,120 BO,167 10,932 IB,B16 17B,052 42,216 
Santa Barbara 94,605 30,425 4,62B IB,210 3,991 31,345 8,625 43,850 
Ventura 18,835 8,OOO(d) 2,500(d) 2,101 4,801 3,123 1,301 10,150 
(a) u.s. Bureau of the Census (1984) 
(b) Heifers and heifer calves apportioned between beef heifers andmilkheifers in same ratio as given by U.S. Bureau of the Census (1971). 
(c) Beef cattle apportioned between feedlot and range in same ratio as given by U.S. Bureau of the Census (1971). 
(d) f'roID California Crop and Livestock Reporting Service (1983). 
RANGE CATTLE (c) 
:P 
+:-
10,372 U1 
11,949 
13,07B 
63,414 
42,130 
1,384 
TABLE A.23 
Fraction of Animals Located Inside South Coast Air Basin Portion of Each County 
ANIMAL LOS SAN SANTA 
TYPE ANGELES ORANGE RIVERSIDE BERNARDINO BARBARA VENTURA 
Dairy Cattle 90(b) 100(a) 100(a) 97(b) Oed) 100 
Feedlot Cattle (60) (c) 100 20 100 oed) 100 
Range Cattle 100 100 100 100 16(e) 100 
Horses 98 100 98 98 16(e) 100 
Sheep 10 100 (50) 100 16(e) 100 
Hogs 10 100 90 90 16(e) 100 
Chickens 100 100 100 100 l6(e) 100 
Turkeys 100 100 100 100 16(e) 100 
Estimates are by Addis (1981) unless noted otherwise: 
(a) Bishop (1981) 
(b) 2000 dairy cows in desert area of Los Angeles County and 3835 dairy cows located in desert portion 
of San Ber.nardino County (Bishop, 1981). 
(c) Most Los Angeles County feedlot cattle are located within the South Coast Air Basin; Addis (1981) 
estimates more than 10.000 within the air basin (i.e. 54% or greater are in the air basin). We 
will estimated that 60% of the total are in the air basin. 
(d) U.S. Geological Survey (1976) maps show negligible land area devoted to confined animal feeding 
in the South Coast Air Basin portion of Santa Barbara Count. 
(e) Estimated in rough proportion to the fraction of the county land area within the air basin boundary. 
:J> 
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Table A.24a 
Livestock Inventory 
COUNTY COUNTY TOTALS(a) LOCATED IN SOUTH COAST AIR BASIN(b) 
DAIRY FEEDLOT RANGE DAIRY FEEDLOT RANGE 
Los Angeles 10,555 12,677 10,372 9,500 7,606 10,372 
Orange 892 48 11,949 892 48 11,949 
Riverside 131,996 33,629 13,078 131,996 6,726 13,078 ;1> . 
.po 
-.J 
San Bernardino 178,052 42,276 63,414 172,710 42,276 63,414 
Santa Barbara 8,625 43,850 42,130 6,741 
Ventura 7,301 . 10,150 1,384 7,301 10,150 1,384 
322,399 66,806 106,938 
(a) See Table A.22 
(b) See Table A.23 
TABLE 24b 
Livestock Inventory (continued) 
HORSES SHEEP HOGS 
IN SOUTH IN SOUTH IN ::lUU'l'H 
COUNTY COUNTr COAST 
TOTAL a) AIR BASIN(b) COUNTr COAST TOTAL c) AIR BASIN(b) COUNTr TOTAL c) 
COAST 
AIR BASIN(b) 
Los Angeles 54,100 53,606 32,330 3,233 5,106 511 
Orange 10,500 10,500 166 166 699 699 
Riverside 30,300 29,694 58.228 29,114 5,289 4,160 
San Bernardino 19,900 19,502 34,915 34,915 6,815 6,188 :J> .p-
C)) 
Santa Barbara 8,300 1,328 19,131 3,061 1,226 196 
Ventura 1,200 1.200 8,290(d) 8,290 1,904 1,904 
18,119 14,318 
(a) Anderson (1979) 
(b) See Table A.23 
(c) u.s. Bureau of the Census (1984) 
(d) u.s. Bureau of the Census (1981b) 
TABLE A.24c 
Livestock Inventory - Continued 
CHICKENS TURKEYS 
COUNTY IN SOUTH COUNTY IN SOUTH 
COUNTY TOTAL(a) COAST tI~ TOTAL(a) COAST AIR BASIN b BASIN(b) 
Lo's Angeles 711,793 711,793 133,196 133,196 
Orange 260,089 260,089 20 20 
Riverside 8,411,609 8,411,609 26,875 26,875 
San Bernardino 6,039,468 6,039,468 24,709 24,709 
Santa Barbara 797,009 127,521 16(e) 3 
Ventura ( 1 ,438,861 ) ( c ) 1,438,861 38 38 
16,989,341 184,841 
(a) U.S. Bureau of the Census (1984) 
(b) 1974 data from U.S. Bureau of the Census (1977); more recent yeara data all withheld by the 
government. 
(c) Estimated as 1.19 times the sales data given for chickens based on ratio of inventory to 
sales in Los Angeles, Riverside) San Bernardino and Orange Counties. Inventory data in 
Ventura County withheld by the government. 
(d) See Table A.23 
(e) 1978 data from U.S. Bureau of the Census (198lb); 1982 data withheld by the government 
:J> 
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ANIMAL 
Dairy Cattle 
Feedlot Cattle 
Range Cattle 
Horses 
Sheep 
Hogs 
Chickens 
Turkeys 
INVENTORY 
IN SOUTH COAST 
AIR BASIN (HEAD) 
322,399 
66,806 
106,938 
121,830 
18,779 
14.318 
16,989,341 
184,841 
TABLE A.25 
Total NH3 Emissions from Livestock in the 
Modeling Region of the South Coast Air Basin - 1982 
TOTAL ANIMAL 
WASTE 
kg/head-day 
47 
32 
25 
1.8 
3.9 
0.14 
0.39 
NITROGEN NH3 EMISSIONS 
EXCRETED AT 50% RATE OF NITROGEN 
kg/head-day EXCRETED IN TOTAL WASTE(a) 
metric tons/day 
0.18 29.84(b) 
0.21 1.21(b) 
0.21 13.59 
0.22 16.22 
0.018 0.86 
0.03 0.26 
0.0016 16.45 
0.0044 ~.49 
84.92 
(a) Adriano et ale (1914); Adriano et a1. (1911): Giddens and Rao (1975); Viets (1911); 
Leubs et a1. (1913ab) 
(b) Since only 85% of manure from these animals is spread on soil, totals have been 
multiplied by 0.85 (see Adriano et ale (1914). 
;J> 
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TABLE A.26 
Emission Factors for Ammonia Loss Due to Non-Farm Animals 
TOTAL N EXCRETED NITROGEN EXCRETED 
NON-FARM ANIMAL WEIG~T IN URINE(a) IN URINE DAILy(b) EMISSION FACTOR(C) 
ANIMALS (kg) (a (mg/kg body wt-day) (kg/head-day) (kg NUl/hesd-day) 
Cats 2.5 SOO - 1100 2xlO-3 2.2xlO -3 
Dogs 12 250 - 800 6.3xlO -3 6.'xl0 -3 
Coats 50 120 - 400 1.3xl0 -2 1.4xlO -2 
Honkey 12 140 - 400 3.2xl0 -3 3.5xlO -3 
Rabbits 2 120 - 300 4.2xl0 -4 4.6xlO -4 
Rats o.:n 200 - 1000 2.0xlO-4 2.2xl0 -4 
(a) From Altman and Dittmer (1968) p. 528. 
(b) Based on body weight and mid-point of range of nitrogen excretion rates given in 
adjacent columns. 
(c) Cattle data show that about half of the nitrogen excreted in manure is in urine 
and half is in feces, -and that when manure is applied to dry alkaline soil half 
of the total nitrogen is lost to the at~sphere as NUl (i.e. total N lost as NUl 
is approximately equal to nitrogen content of urine). We will estimate that 10s8 
rate is similar for other animals and that in the absence of data on total animal 
waste a value equal to 90% of urine N will reasonably estimate 108s of N from 
total animal wastes. 
:P 
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TABLE A.27 
NH3-Emissions from Human and Domestic Animal Populations 
SOUTH COAST AIR BASIN EMISSIONS 
COUNTY RATIO: RATIO: SOUTH COAST ANIMAL WASTE(i) HUMANS 
POPULATION PEOPLE PEOPLE AIR BASIN (metric tons NH3/day) (metric tons NH3/day) 
COUNTY (1980)(a) TO DOGS '1'0 CATS POPULATION(a) DOGS CATS RESPIR. (j) PERSPIR. (k) 
Los Angeles 7,462.000 7.8(b) 7.0(g) 7,357.300 6.51 2.31 0.03 5.0 
Orange 1,920,700 5.8(c) (7.0)(h) 1.921,000 2.29 0.60 0.008 1.3 
Riverside 655,900 (4.5)(d) (7.0)(h) 505.900 0.78 0.16 0.002 0.34 
San Bernardino 882,500 4.5(e) (7.0)(h) 724,000 1.11 0.23 0.003 0.49 
Santa Barbara 298,614 5.8(f) (7.0)(h) 232,981 0.28 0.07 0.001 0.16 
Ventura 524,800 5.8(f) (1.0)(h) 523.700 0.62 0.16 0.002 0.36 
11.59 3.53 0.046 7.65 
raJ County population figures from Southern California Association of Governments n982) except for Santa 
Barbara County. which is 1980 data from U.S. Bureau of the Census (1982). The portion of Santa Barbara 
County located within the study area is estimated on the basis of 1974 data, at which time 0.18 of the 
total county popUlation lived on the south coastal side of the county. 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 
(h) 
(1) 
(j) 
(k) 
Richards, B. (1981) 
Hudson, R. (1981) 
Estimated from San Bernardino data 
San Bernard~no (1981) 
Estimated from Orange County data 
Richards, B. (1981) 
Estimated from Los Angeles County response -3 
Computed using emission factors from Table A.26; (dogs', 6.9x10 kg NH3/head day; 
Respiration loss estimated at 4~1 NH3 per min per person (Kupprat et al., 1976) 
respired/person-day 
-3 cats 2.2x10 kg/head-day) 
This implies 4.4xlO-6 kg NH3 
24.5 g urea produced in human body/day 
1910 9 all of that assumed lost as NH i . 
(Altman and Dittmer~ 1968); 5% released in perspiration (Healy et al. ~ 
This implies 0.68 g NH/person-dayo 
:P 
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TABLE A.28 
Ammonia Emission Estimates for Refrigerants and Household Cleaning Chemicals--1982 
COUN'l'Y 
Los Angeles 
. Orange 
Riverside 
San Bernardino 
Santa Barbara 
Ventura 
SOUTH COAST AIR 
BASIN POPULATION(a) 
7,357,300 
1,921,000 
505,900 
724,000 
232,981 
523,700 
--~ ----- ------- -(-
NH EMISSIONS d) 3 
metric tons/day 
CLEANING AGENTS(b) REFRIGERATION(c) 
0.37 0.25 
0.098 0.065 
0.026 0.017 
0.037 0.025 
0.012 0.008 
o.on 0.018 
0.57 0.38 
(a) See Table A.27 6 
(b) U.S. Ammonia Production for 1980: 30.99x109 Ib = 15.5xl0 short tons/yr (Chern. & Eng. News, 1983-
May 2): 0.03% of total synthetic ammonia is used in the manufacture of household ammonia from 
Kirk-Othmer Encyclopedia (1963) 
(c) 0.02% of total synthetic runmonia is used for refrigeration (Kirk-Othmer Encyclopedia, 1963) 
(d) Emissions were calculated based on ratio of air basin population in 1980 to U.S. population. 
100% NH3 loss to the atmosphere was assumed. The population of the United States in July 1981 
was 227.6xl06 persons from U.S. Bureau of Census (198lc). 
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TABLE A.29 A54 
luaaary of £aBouia Bai •• ioua by Source Catesory 
iu tbe Soutb Coaat Air Sa.in 
SOI1lCE C&rEGOKY 
ItatioDAry Fuel CoBbuatioo 
Electric Otility 
btural Ga. 
auidual Oil 
Disuter 10 .. 
aefi1lery Fuel Sunios 
.. tural Ga. 
auidual Oil 
aeUOKY G •• 
hdua tr ial rue 1 iuniq 
lIIatural Gal 
Liquified Petroleau sa. (LPG) 
auidual Oil 
Di8tillate Oil 
Diluter Gas 
Coke Oveo C .. 
19112 
leaideotial/Coaaercial Fuel iuniOS 
lIIatural Cas 
Liquid Propaoe Ga. (LPG) 
I .. idual Oil 
DiatiUate Oil 
Coal 
Hobil. Source Fuel CoBbuatiou 
Aut_obil •• 
Cataly., Auto. aDd Lisht Trucks 
lIIon-catalye' Auto. aud Lisbt Truck. 
Di •• el Autos aud Li,bt Truck. 
Cataly.t Medium Vehicles 
lIIon-catal,et Medium aDd Beavy Trucks 
Di .. el Truc:lui 
LPG for Carburetiou 
Civilieo Aircraft 
Jet 
'iaton 
Shippiu& 
leaidusl Oil loilera 
Diuel Ships 
l&ilroad--Di.8el·0il 
Kilitary 
Gaaolioe 
Diuel 
Jet Fuel 
lteaidual Oil 
Off-Bighw.y Vehicle. 
*""'"Subtot.la ....... 
loduatri.l Poiat Sources 
Sew.se Treat.eut Plautl 
Soil Surface 
Futiliser 
Farm Crop 
Orchards 
BaudliOS 
lIIou-tal 
Liveatock 
Cattle 
Dairy 
Feedlot 
I1aDge 
lor8el 
'beep 
ilo" 
Cbickeue 
Turkey. 
Ilceutic 
DoS' 
Cat. 
luaan It •• piratioo 
luman Per8pira'ioo 
loue.hold 4aaoni. Use 
"'** Total _ .. 
TOTAL ElUSSIOIIS 
(ka/day) 
n80.0 
380.0 
0.9 
U8.0 
15.0 
390.0 
470.0 
8.0 
22.0 
12l.0 
26.0 
15.0 
207.0 
4.0 
85.0 
79.0 
23.0 
3145.9 
2350.0 
485.0 
l.S 
230.0 
140.0 
23.0 
7.1 
6.9 
2.1 
68.0 
1.6 
3.5 
4.9 
2.3 
2.3 
0.8 
6.5 
3337.5 
2450.0 
14,614.0 
23,790.0 
2010.0 
1630.0 
420.0 
4810.0 
111170.0 
29,840.0 
7210.0 
13,590.0 
16,220.0 
860.0 
260.0 
16,450.0 
4110.0 
84,1120.0 
11,590.0 
3530.0 
46.0 
7650.0 
570.0 
23,386.0 
164,512.4 
U.91%) 
(2.03%) 
(1.49%) 
(8.88%) 
(14.5:0 
(5.39%) 
(51.6%) 
(14.2:&) 
000.0%) 
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On Some Aspects of Nighttime Atmospheric Chemistry 
Armistead G. Russell, t Glen R. Cass, and John H. SEllnteld* 
Environmental Quality Laboratory, California Institute of Technology, Pasadena, California 91125 
II1II Nighttime atmospheric chemistry is simulated in two 
different situations: an offshore oceanic environment, the 
Santa Barbara Channel region of the south central coast 
of California, and a dry environment, the Mojave Desert 
of California. In the marine case, conversion of NOz to 
peroxyac~tyl nitrate (PAN) and HN03 is rapid; HN03 is 
formed by homogeneous hydrolysis of N20 S and by nitrate 
radical reactions with organic gases, and the rate of HN03 
production is limited by the abundance of 0 3, Even in the 
desert case, predictions indicate that homogeneous hy-
drolysis of N20 S dominates HN03 formation at night. The 
implications of recent studies concerning the unimolecular 
decomposition of N03 are discussed. 
Introduction 
The central species in nighttime atmospheric chemistry 
is the nitrate free radical N03• With utilization of its 
absorption spectrum, there have been a number of recent 
ambient measurements of N03 (1-6), as well as attempts 
to understand observed N03 behavior on a theoretical basis (7-11). Questions of continuing interest are (1) can the 
ambient nighttime measurements of N03 be explained on 
the basis of our current understanding of its chemistry and 
(2) how does nighttime chemistry vary in different envi-
ronments? This paper addresses each of these questions 
by simulating nighttime chemistry in two distinctly dif-
ferent environments: an offshore regime, based on ambient 
hydrocarbon and NOz data from. the Santa Barbara 
Channel, in the Pacific Ocean off the coast of California, 
and a dry environment, the Mojave Desert of California. 
In the latter case, N03 measurements are available against 
which to evaluate the simulations. 
Nighttime NOz Chemistry 
The nitrate radical, N03, is generated in the troposphere 
largely through the reaction of 0 3 and N02: 
1 
N02 + 0 3 - N03 + O2 
This is the principal reaction driving the nighttime chem-
istry of the NzOy system. During the daytime hours, N03 
concentrations are maintained at very low levels by pho-
tolysis (12). At night, however, N03 may accumulate due 
to reaction 1. N03 reacts with N02 to form N20 S, which 
itself may decompose to return N03 and N02: 
2 
N03 + N02 M N20 s 
3 
N20 s - N03 + N02 
A second route exists for the N03-N02 reaction: 
4 
N03 + N02 - NO + N02 + O2 
Also, N03 reacts with NO to form N02: 
5 
N03 + NO - 2N02 
The bimolecular reaction 2N03 -- 2N02 + O2 also occurs 
but can be neglected under atmospheric conditions. N03 
t Present adQ.ress: Department of Mechanical Engineering, Car-
negie-Melion University, Pittsburgh, PA 15213. 
reacts with a number of organic species. The aldehyde-
N03 reaction proceeds according to 
6 
N03 + HCHO --0; HN03 + HOz + CO 
7 
N03 + RCHO --0; HN03 + RC03 
where RC03 denotes an acylperoxy radical. The reaction 
of N03 with alkanes can be represented in general by the 
H-atom abstraction step: 
8 
N03 + ALK --0; HN03 + R02 
The 01efin-N03 reaction is generally thought to proceed 
by addition, where, for propylene, for example 
N03 + C3HS .... CH3CHCH20N02 
.... CH3CH(ON02)CH2 
At low olefin concentrations, it is sufficient to represent 
the 01efin-N03 reaction as 
9 
NOs + OLE - RPN 
where RPN denotes a nitrogen-containing product whose 
further participation in the chemistry can be neglected. 
Finally, the N20 S formed in reaction 2 may react with 
water vapor to form nitric acid: 
10 
N20 s + H20 - 2HN03 
And the acetylperoxy radical from reaction 7 can react with 
N02 to form peroxyacetyl nitrate (PAN): 
11 
RC03 + N02 ~ RCOaN02 (PAN) 
Table I summarizes reactions 1-12 with their rate con-
stants. 
At night, due to the absence of N02 photolysis, the 
NO-Os reaction 
NO + Oa .... N02 + O2 
proceeds unimpeded to convert NO to N02 as long as both 
NO and Os are available. Generally, one expects, as a 
result, that nighttime NO levels will be very low if a rea-
sonable quantity of Os is present from daytime photo-
chemistry. Nighttime NO levels might be expected to 
increase once the 0 3 has been consumed if there are con-
tinued fresh emissions of NO from sources. 
At the concentration levels to be considered in this 
study, reactions 8 and 9 will not be important N03 con-
sumption reactions. The NOs-dimethyl sulfide reaction 
(8) 
13 
NOs + (CHS)2S - products 
might be an appreciable sink for N03 in the absence of 
other competing species. 
Winer et al. (8) also studied the reaction of mono-
terpenes with NOa: 
14 
NOs + monoterpene - products 
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Table I. Chemical ReactioDs of Nighttime Atmosphere" 
rate constant, rate constant, 298 K, 
ppm-I min-I reaction cma molecule-I 8-1 ref 
(1) N02 + Oa - NOa + O2 
(2) NOa + N02 - NPs (3) N20 6 !:!. NOa + N02 
1.2 x 1O-13e-2460/ T 
1.7 X 10-12 
0.05 
2.51 X lOS 
2.9 
21 
19 
(4)NOa + N02 - NO + N02 + O2 (5) NOa + NO - 2N02 
6.0 x 1014e-11080/T 
2.5 x 1O-14e-I230/T 
2 X 10-11 
0.59 
2.956 X 104 
0.86 
21 
22 
21 
(6) NOa + HCHO .Q;,. HNOa + H02 + CO 
(7) NOa + RCHO .Q;,. HNOa + RCOa 
5.8 X 10-16 10 
2.4 X 10-16 3.6 (R = CHa) 
0.05 (R = C.H9) 
12.4 
10 
(8) NOa + ALK .Q;,. HNOa + R02 3.6 X 10-17 24 (9) NOa + OLE .Q;,. RPN 7.6 X 10-16 23 
11,22 
22 
(10) N20& + H20 - 2HNOa 
(11) RCOa +N02 - RCOaN02 (PAN) (12) PAN - RCOa + N02 
~1.3 X 10-21 b 
4.7 X 10-12 
~1.9 x 10-<1 
6.9 X loa (R = CHa) 
0.022 
(13) NOa + (CHahS - products 
1.9 x 1016e-I3M3/T 
9.7 x lO-,a 1.4 X loa 
4.4 x loa 
22 
8 
(14) NOa + monoterpene - products (15) NOs + M - NO + O2' 
3.0 x 10-12 8 
kls[M] ~ 0.13 min-I 16 
"The reactions above are the major nighttime reactions of the N.Oy species. Forty-four other reactions in McRae et al. (25) are included 
in the mechanism for completeness. bThe rate constant given for this reaction is an upper bound. The text discusses the ramifications of 
decre!lSing this value. For a comprehensive evaluation of this reaction, see Atkinson et al. (11) and Russell et al. (9). <The NOa decompo-
sition reaction was not included except as noted in the text. 
And they indicated that this reaction could be of possible 
importance in clean environments. 
At sufficiently high NO levels, like those found in urban 
areas, the RC03 may react with NO to generate N02• 
However, in the presence of greatly reduced nighttime NO 
concentrations, most of the RC03 produced instead will 
react with N02 to form PAN. For the same reason, the 
PAN produced by photochemical reactions the previous 
day will not decay substantially by the reverse reaction 12. 
Note, however, that for each PAN molecule formed by 
reaction 11 one HN03 molecule is formed from the pre-
ceding reaction 7 and two net N02 molecules are con-
sumed, forming products PAN and HN03. Likewise, re-
action 10 converts two reactive oxidized nitrogen species 
to two molecules of a stable product (HN03). However, 
the reaction between N03 and HCHO consumes only a 
single odd nitrogen molecule before reaching the final 
products (presumably the H02 produced will oxidize the 
NO or react to form HZ0 2). 
While the rate equations for the system of nighttime 
reactions involving NO. (Table n plus those other reactions 
involving organic and inorganic species that might be im-
portant (see footnote to Table I) can be integrated nu-
merically in order to compute atmospheric N03 and N20 S 
levels, it is useful to investigate the formation of those 
species with steady-state analysis of the major nighttime 
reactions alone. On the basis of the first 12 reactions in 
Table I, the rate of change of the N03 concentration is 
given by 
d[N03] dt = k1[NOz][03] - ks[N03][NO] -
(k2 + k4)[N03][N02] + k3[N20 S] - kQrg[ORG][N031 (1) 
where k2!J![ORG] = ks[HCHO] + k7[RCHO] + ks[ALK] 
+ kg[OL.h:]. The characteristic reaction times for N03 and 
N20 S are both sufficiently short that their concentrations 
can be assumed to be in a pseudo steady state: 
[N03] = 
k1(N02J[03](k3 + klO(H20J) /[(ks(NO] + korg[ORG] + 
k4[N02])(ka + k lO [H 20]) + k2k lO[N02][H20]] (2) 
kdN02] (NOal 
(N20 S] = ks + k
lO
fH
2
0] (3) 
Since it generally will be the case that k3 » k lO[H20], the 
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N02-NOa-N20 s cycle of reactions 2 and 3 can be assumed 
to be near equilibrium at any instant of time: 
k2(N021 [NOa] [N20s1 = ka (4) 
And, as a result 
[NOs] = 
ka(k5[NOl + korg[ORG] + k4[N02]) + k2k lO [N02J[H201 
(5) 
The denominator comprises the four N03 sinks: NOa 
scavenging by NO, NOs reaction with organics, NOs re-
action with N02 to form NO, and nitric acid formation by 
the N20 S-H20 reaction. Equation 5 can be evaluated to 
give N03 concentration estimates with only the necessary 
rate constants plus the concentrations of basic precursors 
often available from ambient measurements. 
Nitric acid is produced by N20 S hydrolysis (reaction 10) 
and by the organic-N03 reactions 6-8. The rate of nitric 
acid production is 
d[HN031 
dt = 2k lO(N20 S][H20] + 
(ks(HCHO] + k7[RCHO] + ks(ALKJ)[N031 (6) 
The pseud<rsteady-state expressions for N03 and N20 S can 
be used in this equation to obtain the rate of HNOa pro-
duction in terms of the concentrations of routinely mea-
sured pollutants. As will be seen in the next section. this 
steady-state analysis can be used to estimate the product 
distribution that arises from the numerical integration of 
the complete nighttime chemical mechanism. 
Nighttime Chemistry in an Offshore Oceanic 
Environment 
The first situation considered is an offshore oceanic 
environment, the Santa Barbara Channel off the south 
central coast of California. This region is of interest from 
the standpoint of atmospheric chemistry because of pr<r 
jected increases in emissions associated with offshore pe-
troleum production (13). Although NOa data are not 
available in this area, other ambient concentration mea-
surements have been carried out over the past 2 years (14). 
These measurements can serve to specify initial conditions 
for a simulation of the nighttime chemistry in the region 
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Table II. Initial Conditions for Simulation of Nighttime 
Chemistry in an Offshore Oceanic Environment" 
less base case, more 
species polluted, ppb ppb polluted, ppb 
0 3 40 70 100 
NO 0.1 1 1 
N02 1.0 10 10 
HCHO 0.5b 7b 7b 
RCHO 0.5b 6b 6b 
ALK 10 (40 ppbc)' 15' 37 
ARO 2 (14 ppbc)' 3' 7 
PAN 3 3 3 
• Concentration ranges from South Central Coast Cooperative 
Aerometric Monitoring Program, the Santa Barbara Oxidant 
Study, and the 1983 Ozone Transport Study (13, 14). bPersonal 
communication with Alan Lloyd. 'Personal communication with 
Rei Rasmussen. 
as predicted by the reactions in Table I. Of particular 
interest are the dynamics of NOa and the paths of con-
version of NO, into nitrate species. The photochemical 
trajectory model of Russell et al. (9) will be used to track 
the evolution of the NO, species in an air column from 
sunset until 12 h thereafter. 
Table II presents the range of initial concentrations that 
we will employ for simulating a nighttime air parcel in the 
Santa Barbara Channel. In the more polluted case, the 
air mass is expected to have originated from source-en-
riched areas such as the Los Angeles basin, while in the 
less polluted case the air is of "background" oceanic origin. 
The base case is in between. Four simulations were carried 
out, in the fourth of which the base case concentrations 
have been used and the rate constant for reaction 10 is 
decreased by a factor of 10. We include this case because 
of the uncertainty in the magnitude of k lO• 
Each simulation begins at sunset and proceeds 12 h, with 
no fresh emissions. In the vertical diffusion calculation, 
surface roughness was taken as 10-4 m, corresponding to 
water. As will be seen, due to the presumably stable 
stratification at night and low surface roughness, turbulent 
transport of species to the surface is limited, and hence, 
removal by deposition at the ocean surface is relatively 
minor. 
Results of the four simulations are given in Table III. 
Shown are the hourly N02 depletion rate, ,-1, the HNOa 
formation rate (as % h-1 relative to the N02 present), net 
PAN formation rate (as % h-1 relative to the N02 present), 
maximum NOa and N20 S concentrations, HN03 formation 
as percent of initial NO" total deposited HNOa, and the 
maximum PAN produced. 
Nitric acid formation rates, expressed relative to the N02 
concentration, vary between 16% and 36% h-1• Formation 
of PAN is responsible for the bulk of the remaining N02 
consumed. Again, on the basis of the chemistry involved, 
the HNOa formation rate must be at least as great as that 
for PAN. The absolute increase in PAN concentration due 
to nighttime reactions varies between about 1 and 3 ppb, 
or between 2% and 23% of the initial N02• As can be seen 
from the last column in Table Ill, reducing the value used 
for klO has little effect on the N02 loss rate, but it does 
affect the split between the predicted HNOa and PAN 
formation. Significant quantities of HNOg still are formed. 
Note that in the absence of fresh emissions initially N02 
is transformed to HN03 very rapidly, faster, in fact, than 
would be predicted during the day by reaction with OH. 
Likewise, PAN formation is rapid. The rate of N03 (and, 
hence, PAN and HNOal formation is limited by the 0 3 and 
N02 concentrations and the extent of formation by the 
initial N02 concentration. In all cases studied, there is an 
Table III. Results of Simulations of Nighttime Chemistry 
in an Offshore Oceanic Environment 
case" 
2 3 4 
N02 depletion rate (T-l ), % h-lb 
17 27 37 25 
HN03 formation 16 26 36 17 
rate, % h-l of 
N02b 
PAN formation rate, 5 
% h- l of N02b 
max N03, ppt 25 45 70 260 
max N20 5, ppt 30 540 700 1700 
max PAN increase, 0.02 (2) 0.6 (5) 0.6 (5) 2.6 (23) 
ppb (% of 
[NO.lo) 
HN03 produced, % 84 92 92 71 
of [NO.lo' 
HN03 produced, % 
of [NO.lo'< by 
N02 + OH -0 -0 -0 -0 
N20 5 + H2O 80 86 84 43 
N03 + HCHO 0.5 1 1 5 
NOa + RCHO 3 5 6 23 
HNOa deposited, % 1.4 1.7 1.9 1.1 
of [NO.lo' 
• These four cases correspond to the initial conditions in Table II 
as follows: (1) less polluted; (2) base case; (3) more polluted; (4) 
base case, k lO reduced by a factor of 10. b Average over first 6 h. 
After 6 h, very little N02 remains. 'Percent at the end of a 12·h 
simulation, 
80.----r----r----r----~--~--~ 
eo 
'" o 
z 
4 6 8 10 12 
TIME (hours) 
Figure 1. Time evolution profiles of N03 lor a relatively clean and a 
more polluted oceanic environment. 
abundance of aldehydes to form PAN. 
For the more polluted marine situation, about 49% of 
the N02 is oxidized to form NOg; 5% reacts with the RC03 
radical to form PAN, and 43% reacts with N03 to form 
N20 S (and then HNOa). Less than 2% of the initial N02 
deposits out in any form. 
Figure 1 shows a comparison of the predicted N03 
concentration for the more and the less polluted cases. 
Note that the peak in the N03 concentration for the 
polluted case is much sharper, rising much higher and then 
dropping below the less polluted profile. Because of the 
lower ozone concentrations in the less polluted case, the 
NO, is not converted to HN03 and PAN as quickly, al-
lowing noticeable NOg concentrations to be sustained. The 
more polluted case more closely reproduces the spiked 
profile found just after sunset in urban environments (9). 
Mechanistic explanation of the rate of N02 conversion 
and the product split between HNOg and PAN can be 
obtained by inserting the pollutant concentration data of 
Table II ioto the equations derived on the basis of the 
previous steady-state analysis. From the base-case con-
centrations in Table II, it is seen that the HCHO and ALK 
reactions together are about 3 times less important than 
Environ. SCi. Tee/mol., Vol. 20, No. 11, 1986 1189 
the RCH0-NOa reaction as a sink for NOa. The only sinks 
from the N02-NOa-N20 s cycle back to NO and N02 are 
reactions 4 and 5, with reaction 4 being the only route to 
produce NO in the absence of fresh emissions. Note that 
at both the polluted and the unpolluted concentration 
levels reaction 4 is dominated by reaction 7. Thus, once 
an NOa molecule has been formed, it is highly probable 
that that molecule will end up as HNOa and that an as-
sociated N02 molecule will react to form either HNOa or 
PAN, in accordance with the results of the full-model 
simulation. Thus, the rate of N02 depletion at night 
should be about twice the rate of NOa formation by re-
action 1: 
d[N02l ~ 0< -2k1[N02][Oal (7) 
which can be expressed as 
d[N02J ~ = -T-1[N02J (8) 
where T = (2k1[Oa])-1 is the characteristic decay time for 
N02 by reaction 1, followed by reaction 10 or 11. 
Next, the formation rates of PAN and HNOa can be 
considered. An expression for the rate of nitric acid for-
mation was given in eq 6. Using the pseudo-steady-state 
expressions for [NOal and '[N20sl gives 
d[HNOaJ 
dt = [2k2klO[H20][N02J/ka + ks[HCHOl + 
k7[RCHOl + ks[ALK]][kakl[Oa][N021/(ka(k5[NO] + 
kO!'g[ORG] + k4[N02D + k2klO[N02HH20])] (9) 
Since N02 is converted almost quantitatively to HNOa and 
PAN, both nitric acid and PAN formation rates can be 
expressed with the N02 decay rate as 
d[HNOal = !T-I[N0
2
1(2 - f) dt 2 (10) 
Similarly for PAN 
d[Pd~Nl = iT - I [N0 21f (11) 
where f is the fraction of NOa formed by reaction 1 that 
reacts with RCHO. Comparing (9) and (10), it is seen that 
f will be a function of the pollutant concentrations. Once 
f has been computed by equating (9) and (10), the for-
mation rate of PAN is apparent from (11). Given the 
conditions for the base case in Table II, the rates of nitric 
acid and PAN formation are approximately 4 and 0.2 ppb 
h-l , respectively. The dominant route for nitric acid 
production is reaction 10. 
Analysis of the reaction rate equations for the mecha-
nism in Table I shows that the depletion rate of N02 
should be approximately equal to twice the rate of reaction 
1. Comparison of the decay rate obtained by the full 
computer simulation to that based on twice the initial rate 
of reaction I, which should represent an upper limit to the 
N02 loss rate, gives close agreement in all simulations. The 
small deviations between the approximate calculation and 
the full model are due to reactions of N03 with HCHO and 
with N02 to form NO and N02 and to the continued de-
crease of the 0 3 level. 
Simulation of Nighttime Atmospheric Chemistry in a 
Desert Environment 
We now turn our attention to a desert environment, 
typically very dry (relative humidities of about 20%) with 
low pollutant loadings. In this case, one could expect that 
the important chemical reactions dominating the nighttime 
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Table IV. Initial Conditions for Desert Simulations 
°3, ppb 
N02, ppb 
NO, ppb 
N03, ppb 
RCHO, ppb 
monoterpene, ppb 
CO, ppm 
RH,% 
temp,OC 
Edwards AFB" 
35 
0.95 
0.1 
o 
0.5 
0.005' 
0.1 
29 
31 
Death ValleY' 
35 
0.15-0.075 
0.01 
o 
0.5 
0.005' 
0.1 
31 
29 
"Data for 23 May 1982 at Edwards Air Force Base. bData for 3 
May 1982 at Death Valley. 'From Winer et al. (8). 
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Figure 2. Predicted (solid line) and measured (data bars) NOs con-
centrations (3) at Edwards A"r Force Base. CA, 23-24 May 1982. The 
dashed line near the bottom is the predicted concentration if the 
unlmolecular decomposition of N03 is included in the·simulation. 
chemistry of NxOy might differ from those over the ocean, 
particularly because of the lower water vapor concentra-
tions. In this section, the trajectory model is used to in-
vestigate the fate of nitrogen oxides in the desert at night. 
The chemical mechanism used is identical with that 
described for the ocean cases, except that the reaction of 
N03 with monoterpenes (MNT, see Table n is included. 
A very small NO emission rate was included in the cal-
culations, corresponding to arid, bare soil conditions (15). 
The initial conditions used for the simulations are from 
measurements taken by Platt et al. (3) in the Mojave 
Desert of California and are shown in Table IV. In this 
case, the predictions are compared against N03 measure-
ments at Edwards Air Force Base and at Death Valley, CA 
(3). Results of this evaluation are shown in Figures 2, 3, 
and 4 for the Edwards and Death Valley locations. As 
seen, model predictions at Edwards closely track obser-
vations for both NOa (Figure 2) and N02 (Figure 3). 
At Death Valley, the measured N02 concentrations were 
below the detection limit (0.3 ppb) of Platt et al. (3). For 
the simulations, the initial concentration of N02 was set 
equal to one-half and one-fourth of that value. At this site, 
two calculations were performed with the 0.15 ppb initial 
condition: with and without emissions of NO. As seen 
(Figure 4), the predicted N03 concentrations over time 
with and without NO emissions are different, though the 
peak N03 concentrations are about equal (-35 ppt). 
Emissions of NO slightly retard the rise in NOa concen-
trations due to scavenging by NO. The peak measured 
concentration of 19 ppt is about 40% less than that pre-
dicted and is attributable, in part, to the uncertainty in 
the initial N02 concentration. N03 scales approximately 
with the N02 concentration, so a lower initial N02 con-
centration would provide closer agreement and still be 
:c 
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Figure 3. Predicted (dashed line) and measured (data points) N02 
concentrations (3) at Edwards Air Force Base. CA. 23-24 May 1982. 
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figura 4. Predicted and measured (data bars) NO. concentrations (3) 
at Death Valley, CA. 3-4 May 1982. The solid line shows the predicted 
concentration given an initial N02 concentration of 0.15 ppb if no 
emissions of NO are included in the calculations. and the dashed line 
includes a very small emission rate (15). The alternating dashed line 
shows the predicted concentration of NO. given an N02 initial con-
centration of 0.075 ppb (one-fourth the detection limit of N02). 
consistent with measurements. Using [N021o = 0.075 ppb 
proves this to be the case. 
Integrating the reaction fluxes indicates that the ho-
mogeneous hydrolysis of N20 S is the dominant reaction 
producing nitric acid, even in a dry environment. In the 
Edwards case, approximately 77% of the nitric acid is 
produced by reaction 10, constituting 22 % of the oxidized 
nitrogen originally in the air column plus that emitted 
during the night. Seven percent of the oxidized nitrogen 
is converted to PAN by the following morning. Due to the 
atmospheric stability and low nitric acid concentrations, 
less than 1 % of the total NOx deposits out during the 
night. The peak N20 S concentration is predicted to be 
about 25 ppt. 
Unimolecular Decomposition of N03 
Recently Johnston et al. (16) reported that a number 
of experiments (17-20) contain evidence for the unimo-
lecular decomposition of the N03 radical. Though the 
experiments varied widely in nature and reaction volume, 
reinterpretation of the results from the three room tem-
perature experiments led to approximately the same 
first-order rate constant of about (3 :I: 2) x 10-3 sol. Using 
results from the high-temperature experiment, they de-
rived the temperature-dependent expression of 
k15[Ml = 2.5 X 106 exp(-6.1 X 103 IT) sol 
at 1 atm and'T in K, (reaction IS, Table I). They cited 
further evidence for this reaction rate from field experi-
ments in which N03 and N02 were measured in relatively 
clean atmospheres at an altitude of 3 km (4,5). These 
measurements indicated the loss rate of N03 by scavenging 
is about 1 X 10-3 sol, that the scavenger is not depleted, 
and that the products of the N03 scavenging are neither 
NO nor N02• Reaction 15 satisfies the first two conditions, 
and Johnston et al. (16) give reasoning that the fmal cri-
terion can be explained by other phenomena. 
In this section, the unimolecular decomposition of N03 
is discussed in light of the recent review (16) and the field 
measurements of Platt et al. (2,3). In very clean atmo-
spheres, such as the desert cases considered in this study, 
the proposed N03 unimolecular decomposition would be 
the major loss reaction from the N03-N20 5 system. An 
upper bound on the N03 concentration then can be found 
by steady-state analysis, as done previously, and by as-
suming that reaction 15 is the only loss mechanism. In-
clusion of any other reactions of N03 or N20 S would only 
lower the calculated N03 concentration. In this case 
k1[NOzl[031 
[N031MAX = k
15
[Ml (12) 
By rearranging this equation, the measured concentrations 
can be used to estimate an upper bound for k15[Ml. For 
the two desert cases previously discussed, use of the pro-
posed rate constant for N03 decomposition and the ob-
served. N02 and 0 3 concentrations gives [N031MAX of about 
9 and <1.5 ppt for Edwards and for Death Valley, re-
spectively. This is in substantial disagreement with the 
measured N03 concentrations of 81 and 19 ppt. In fact, 
using the data for other sites and times (2, 3) in the same 
.calculation gives the saple results: the measured N03 
concentration is much greater than the maximum calcu-
lated with steady-state analysis and the proposed decom-
position rate (16), except at higher relative humidities. 
[This indicates that the loss of N03 (or N20 S) is due to 
hydrolysis, either homogeneous or on deliquesced aer()Sols.) 
Likewise, many of the data from the field studies in 
Germany (2) are at variance with klslMl "" 3 X 10-3 sol. 
The magnitude of the effect of including this reaction in 
the mechanism is seen in Figure 2. As shown, the peak 
predicted concentration drops substantially, from 78 to 7 
ppt. Inclusion of the decomposition reaction in the sim-
ulations of the offshore environment would decrease the 
formation of HN03 and PAN. This reaction would have 
little effect on simulations of urban environments because 
of the much heavier loadings of hydrocarbon pollutants, 
plus the effect of continued fresh emissions. . 
It is difficult to explain the reason for the discrepancy 
between the experiments of Platt et al. (2, 3) and the study 
of Johnston et al. (16), though a number of hypotheses can 
be proposed: (1) the proposed rate of N03 decomposition 
is too high, (2) the rate of formation of N03 (or N20 S) is 
much greater than is implied by our general knowledge of 
NxOy chemistry, or (3) there is a systematic bias in the 
measurements. The actual rate of reaction 15 could lie 
between that implied by the field measurjlments (2, 3) and 
those derived from laboratory measurements (16). A small 
uncertainty in the comparison is introduced by the pos-
sibility that the air parcels were not uniform over the path 
of the measurement beam. However, the consistency of 
the 0 3 measurements would indicate that the error in-
troduced from the non uniformities would be small com-
pared to the apparent discrepancy. Inhomogeneities in-
duced by nocturnal emissions would tend to increase the 
apparent discrepancy, whereas air parcels enriched in both 
N02 and 0 3 would tend to decrease the discrepancy. 
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Conclusions 
A series of calculations were performed to elucidate the 
important chemical reactions of N,Oy species at night in 
two quite different environments and under different 
pollutant loadings. Calculations performed for conditions 
found over the ocean near the California coast showed a 
rapid conversion of NO, to nitric acid and PAN, predom-
inantly by hydrolysis of N20 s and by production of per-
oxyacetyl radicals from the N03-aldehyde reaction. The 
same reactions dominated the desert calculations, even 
though the ambient conditions and pollutant levels were 
quite different. However, the time evolutions of pollutant 
species in the two cases were quite different, and a much 
lower conversion rate of NO, to HN03 and PAN was found 
for the desert case. In the desert case, predicted N03 
concentrations compare well with experimental measure-
ments. 
The predicted N03 concentration-time profile for the 
polluted, ocean environment case shows a sharp peak just 
after sunset, much like that found in earlier calculations 
for urban environments, though for different reasons. In 
the urban environment, the sharp peak is due to ozone loss 
by scavenging by NO emissions and deposition, whereas 
over the ocean the NO emissions are small and the sharp 
drop in N03 concentration is due to N02 depletion. In the 
desert solution, low ambient ozone levels and small NO 
emissions lead to a very small change in NO, concentration 
and a smooth, sustained N03 proflle that plateaus instead 
of peaks. Calculations for marine, urban, and desert en-
vironments indicate that nighttime reactions of N,Oy can 
be important in forming nitric acid and PAN in all three 
situations. 
Steady-state analysis and simulation indicate that there 
is a discrepancy between field measurements and a re-
cently proposed rate for the unimolecular decomposition 
of N03• Given our current knowledge of atmospheric 
chemistry, the proposed value for the rate of decomposition 
of N03 is too high, some other aspect of the N03-N20 s 
system is not well understood, or a systematic bias in the 
measurements exists. 
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